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Global warming
Humans strive to live longer, at higher living standards and to reproduce in spite of the
nite capacity of our planet. To fuel the energy demand and sustain population, natural
resources have been increasingly exploited by humans. As a result, greenhouse gases such
as carbon dioxide, methane and nitrous oxide are emitted by human activities. The most
important of which, carbon dioxide, exceeds by far the natural range over the last 650.000
years. The origin of these emissions is primarily fossil fuel use and land-use change (e.g.
deforestation). In the last century this has led to a rise in global temperatures since the
mid-20th century. This rise in fact is attributed with a >95% probability of occurrence
to the observed increase in greenhouse gas concentrations [1].
Warming of the climate is unequivocal, as it is evident from instrumental records of
e.g. surface and ocean temperature, decrease in glaciers and ice caps and rising sea levels.
Correlated with anthropogenic emissions are long-term climate changes such as changes
in precipitation amounts (e.g. drying or ooding depending on the region), wind patterns,
ocean salinity, artic temperatures, frequency of extreme weather (e.g. droughts, cyclones,
etc). The current temperatures are signicantly warmer than in at least the latest 1300
years, and only in the last interglacial period (about 125.000 years ago) sea levels were
higher than at present (four to six meters higher).
The most-likely scenarios are dramatic. Models indicate that, due to the slow global
responses to human changes, temperatures are bound to increase by 0.2
o
C per decade,
and by 0.1
o
C even if all greenhouse gases and aerosols had been kept constant at year
2000 levels. Warming is coupled to a number of deleterious eects such as reduction
of land and ocean uptake of atmospheric carbon dioxide, changes in the carbon cycle,
slowing of ocean circulation, etc. As a result, sea levels and temperatures are expected to
rise for more than a millennium.[1]
Increasing demand in (green) energy
Global energy demand is fueled by growth in both population (from 6.98-7.01 billion in
January 2012 [2-3] to 8.1-10.6 billion by 2050 [4] and per capita gross domestic product,
and modestly oset by the more ecient use of energy [5-6]. World energy consumption
in 2007 was 16.2 terawatts (1terawatt = 10
12
watts) and is expected to increase by 49%
in 2035, mainly by developing nations [7]. These gures show how immediate is the need
to develop new carbon neutral energy-production technologies. The challenge is to devise
new technologies to exploit renewable sources of energy and replace our need of fossil
fuels. The energy sources must satisfy several requirements such as they must be abun-
dant, inexpensive, environmentally clean, widely available. The new energy production in
turn must economically compete with the existing ones based on fossil fuels. One viable
solution to the energy issue is provided by the sun. Solar energy is the most abundant
form of energy irradiating the Earth's surface, having a rate of ∼120.000 terawatts [5].
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Silicon photovoltaics exploit this form of energy and have become reality in the last
decades. They are able to produce energy with a ∼18% energy conversion eciency
although nancial costs and inherent potential pollution problems are critical limiting
factors. Other technologies such as thin lm, dye sensitized solar cells, ribbon and or-
ganic photovoltaics are promising in the sense that they are based on low-cost materials.
However, problems of eciency and/or air stability are still to be solved [8-11]. A project
even more ambitious is to replicate the natural process of photosynthesis.
Articial Photosynthesis
The main downside of solar energy is the need of storage since it is a variable energy form
due to its diurnal character and atmospheric variability. The optimal way to do this is to
store it in chemical bonds, which possess a great energy density. To achieve this, using
energy to split water would be particularly attractive: in this way a solar input would be
used to rearrange the low energy bonds of water and make high energy ones of hydrogen
and oxygen. Electrical energy would be released by recombining these molecules in a fuel
cell. In addition, articial photosynthesis might provide an economical mechanism for
carbon sequestration.
The tasks articial photosynthesis must be able to perform are: 1) Absorb the in-
cident photons and transfer this excitation energy; 2) Perform charge separation on
donor/acceptor interfaces; 3) Avoid charge recombination by separating the positive and
negative charges; 4) Turn low-energy compounds (e.g. CO2 molecules) into fuels by the
means of catalysts to oxidize water and to reduce CO2 [12] To develop such a technology,
we need to understand how photosynthesis works in natural systems.
Photosynthesis
Photosynthesis is a biological process whereby photoautotrophic organisms assimilate
water and carbon dioxide into organic compounds (e.g. carbohydrates) using sunlight
as an energy source. The overall process can be summarized by the following chemical
formula:
6CO2 + 6H2O ⇀ C6H12O6 + 6O2 (1.1)
On the left side of the formula the two reactants are six molecules of water (H2O) and
carbon dioxide (CO2). By means of photon absorption, the products obtained are or-
ganic carbon compounds (C6H12O6) and oxygen (O2). Therefore, energy is stored in the
chemical bonds of organic carbon.
This process dominates the production of organic compounds from inorganic ones,
with the result that about 110-115·109 kg of carbon is xed into biomass per year. The
rate of energy capture by the process of photosynthesis is about 120 terawatts, i.e. about
six times larger than the human power consumption. Photosynthetic organisms are the
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basis of the food chain, whereas organisms not utilizing light as a source of energy (e.g.
animals) function as consumers of organic carbon. The photosynthetic process is also
important for the respiratory life on earth because it releases oxygen to the atmosphere
as a bioproduct. In addition, most of fossil fuels derive from photosynthetic activity that
has taken place in ancient times.
In advanced photosynthetic eukaryotes, the photosynthetic process takes place in the
Chloroplasts. Curiously, these subcellular structures with a diameter of a few micrometers,
are the evolutionary product of incorporation (endosymbiosis) of independent bacteria.
Within the chloroplasts, a membrane system is found, the thylakoid, frequently forming
stacks of disks called grana thylakoid membranes. Thylakoid membranes contain four
main protein complexes: Photosystem (PS) I and II, Cytochrome b6f and adenosine
triphosphate (ATP) synthase.
We can distinguish two phases in the process of photosynthesis: the photochemical
phase and the dark phase. The photochemical phase consists in the transformation of
electromagnetic light into high-energy bonds of ATP and in the reduction of NADP
+
to
NADPH with the delivery of oxygen. In the dark phase, ATP and NADPH provide the
energy necessary for CO2 reduction.
The photochemical phase is triggered by absorption of light by the Chlorophyll (Chl)
pigments, promoting the electrons in Chls a to higher energy orbitals. The excitations
are transferred from one Chl a to another and eventually reach the reaction centers of PSI
and PSII where they drive a transmembrane charge separations. In PSII the resulting
positive charges are accumulated in the Mn cluster of the Oxygen Evolving Complex.
Here two water molecules are split (2H2 + O2) for every four charge separation and four
H
+
ions liberated from water contributes to the acidication of the lumen (i.e. one H
+
per PSII charge separation). Furthermore, per two PSII charge separations one PQH2 is
produced, the required two H
+
are taken up at the stromal side and upon the subsequent
oxidation of PQH2 these H
+
are released at the lumenal side. In addition, on average
each electron produced by a PSII charge separation cycles through the Cytochrome b6f
complex and in this way transports another H
+
across the membrane. Charge separation
in PSI promotes the reduction of NADP
+
to NADPH requiring one H
+
per NADP
+
to be
reduced which is taken up at the stromal side. The positive charge in PSI is neutralized
by electrons arriving from PSII. Thus, the sequence of charge separations in PSII and PSI
transports electrons from H2O to produce NADPH, while during the electron transfer
in total 3H
+
are taken up at the stromal side of the thylakoid membrane and released
at the lumenal side. As a consequence a pH gradient is generated across the thylakoid
membrane, which in turn is used by the ATP synthase complex to synthesize ATP from
adenosine diphosphate (ADP).
In the dark phase (also referred to as Calvin cycle) atmospheric CO2 is reduced in the
presence of NADPH and ATP generated by PSI to produce stable high-energy molecules
(sugars).
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Light Harvesting
Light harvesting is the initial step of photosynthesis and consists of the absorption and
concentration of light energy (i.e. photons). Photosynthetic organisms have developed
antenna complexes, that is systems dedicated to this task. Photons can be absorbed by
any pigment molecule contained in an antenna complex. Pigments in fact can be excited
by light, i.e. one of their electrons is promoted to a higher energy level. The excitation
is subsequently transferred between the pigments. The excitation reaches the reaction
center (RC) in much less than a nanosecond (1 ns=10
−9
seconds), where it promotes the
primary energy conversion reactions of photosynthesis, i.e. charge separation.
In this thesis several antenna complexes were studied: the light-harvesting complex
II (LHCII) of plants (chapters 5, 6, 7), the minor complexes of plants CP26 and CP24
(chapters 2, 3), and the algal phycocyanin 645 (PC645) (chapter 4).
The light-harvesting complexes of plant Photosytem II
Photosystem II (PSII) is a multi-subunit protein complex associated with the chloroplast.
PSII (g. 1.1, Left) is dimeric and each subunit comprises two central core complexes
(reaction centers) D1/D2, each closely connected to the core antenna complexes CP43
and CP47. On the periphery four antenna complexes are bound  LHCII, CP24, CP26,
and CP29. These units have the role of funneling absorbed energy to the core complexes
and thus maintaining a high rate of PSII turnover at low and moderate light intensities.
LHCII is the most abundant membrane protein in plants and algae in which it binds
the majority of pigments of PSII [13, 14]. LHCII is formed by three nearly identical
monomeric subunits having a high genetic homology with the minor complexes CP24,
CP26 and CP29 [15]. The LHCII monomeric unit contains three transmembrane alpha-
helixes (gs. 1.1 B and 1.2). Each LHCII monomer binds eight Chls a, six Chls b and
four Carotenoids (Cars) [17, 18]. The position and orientation of the Chls and Cars are
maintained by anchoring them to several transmembrane α-helices. The Chls b and a are
arranged in two layers, stromal and lumenal. Two luteins (Luts) bind to the L1 and L2
sites in the A and B helices in an X-shaped conguration. Due to their central position in
the LHCII monomer, the Luts are indispensable for the correct assembly of LHCII during
biosynthesis [19-20]. A third Car, Neoxanthin (Neo) is positioned between the crossed
A-B helices and the C helix at the N1 position. A fourth Car, violaxanthin/zeaxanthin
(Vio/Zea) is loosely bound to the periphery of the complex at the V1 position in an
interstice between adjacent monomeric units within the LHCII trimer. For this reason,
Vio/Zea is found almost exclusively in LHCII trimers. Under light stress Vio undergoes
the Xanthophyll cycle [21,22] where the epoxy groups of Vio are reduced and Vio is
converted to Zea (see the dierent Car structures in g. 1.4 A). Also the crystal structure
of the CP29 minor complex has been recently published [23], whereas the structures of
CP26 and CP24 are still unknown at the time of writing.
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Figure 1.1: Left: organization of the PSII complex, taken from [16]. The acronyms indicate:
L, S, M, LHCII trimers; 26, CP26; 24, CP24; 29, CP29; C, PSII core complex. Right: structure
of the trimeric LHCII view from the stromal side. Figure 1.1 B was taken from [17].
Figure 1.2: Structure of a LHCII monomer viewed from the side. The pigments were labeled
from Liu et al. [18].
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In chapters 2 and 3 two studies are presented on the CP26 and CP24 complexes, using
antennas that were prepared in vitro [22]. It has been discovered that these antennas can
be reconstituted from polypeptides (i.e. the backbone of the pigment-protein complex)
synthesized in E. coli and from puried Chls and Cars. It is found that these reconstituted
pigment-protein complexes have spectroscopic properties very similar to those of the na-
tive complexes [22]. Information on the pigment content in reconstituted complexes was
previously obtained by using site-directed mutants, in which the binding-site of specic
Chls was destroyed or the Car composition in the preparation was altered [24-28]. The
results were interpreted by comparison with the existing structural model of monomeric
LHCII. For instance, it appeared that Vio, Chl 601, 604 and Chl 605 (see g. 1.2) were
never found at the original sites due to their loose molecular bond to the protein matrix.
Also, pigment content analysis for all reconstituted preparations (except for CP24) sug-
gested that the preparations are heterogeneous, e.g. Car binding can vary or some Chl
sites are able to host both Chl a and b [29,30].
Phycocyanin 645 (PC645)
Figure 1.3: A: Schematic view of a cryptophyte alga. B: Model of a cryptophyte thylakoid
membrane with grana and stromal thylakoid membranes on the left and right part of the gure,
respectively. PSI, PSII, Chl a/c2 antennas, Oxygen evolving complex and Cytochrome b6f are
displayed. PC645 antennas (in red) are packed inside the thylakoid lumen. C: Structure of a
PC645 antenna. The tags indicate the four bilin species bound to the four A-D subunits of
PC645: two dihydrobiliverdin (DBV), two mesobiliverdins (MBV) and four phycocyanobilins
(PCB 158 and PCB82). Figure 1.3 A was adapted from: [31]
c© 2008 John M. Archibald; gure
1.3 B was adapted from [32]; gure 1.3 C was produced from the .pdb le of the crystal structure
published in [32].
Cryptophytes are unicellular eukaryotes populating both fresh and salt waters. These
algae have a size of about 10-50 µm and are attened in shape. Two agellae allow them to
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move in water (see g. 1.3 A). Cryptophytes acquired photosynthesis at some point of their
evolution by incorporating in the thylakoid membrane a red alga in an endosymbiotic event
[33-35]. The resulting organism, the crypophyte, possesses two dierent light harvesting
antennas, one of which is located inside the thylakoid membrane and contain Chls a and
c2, the other is located outside the thylakoid membrane but inside the lumen (see g.
1.3 B) and bind bilins. The latter biliprotein antenna varies in absorption properties
between dierent species, although it conserves a quasi-symmetrical αα′ββ heterodimeric
structure [36]. The evolution of the biliprotein antenna Phycocyanin 645 (PC645) (see g.
1.3 C) allowed the photosynthetic alga Chroomonas CCMP270 to adapt to habitats with
reduced light intensity. This antenna contains four bilin species: two dihydrobiliverdin
(DBV), two mesobiliverdins (MBV) and four phycocyanobilins (PCB 158 and PCB82).
These bilins ensure absorption in the blue-green range with maxima at 645 and 585 nm
(see chapter 4 for more details).
Chlorophylls and Carotenoids.
The molecules responsible for absorption and transfer of light in the antennas of PSII
are Chlorophylls a and b and the Carotenoids. The basic structure of the Chl a and b
molecule is a porphyrin ring, co-ordinated to a central Magnesium atom. The two Chl
types have a small dierence in the composition of a specic side chain (indicated on
the top part of g. 1.4 A, upper side chain is CH3 in Chls a, CHO in Chl b). This
dierence yields dierent absorption properties in the visible region (see g. 1.4 B). Both
Chls have main absorption peaks in the blue region below 500 nm and in the red region
above 640 nm. When the Chls are bound to the antenna even Chls of the same type have
dierent absorption properties, since electronic interactions with other pigments or with
the local environment cause absorption changes. Figure 1.4 B shows the absorption (or
OD) spectrum of Chls and Cars. Absorption of light originates from the transition of an
electron in a molecule from the (relaxed) ground state to a higher energy quantum state
(excited state). Dierent electronic levels of a pigment contribute to dierent absorption
bands in the spectra of g. 1.4 B. As an example, the Chl absorption bands at high
energies below 500 nm and to the rst S1 level at 650-680 nm are termed Soret and Qy
bands, respectively.
Notice that electronic excited states are unstable and eventually relax to the ground
state. This can happen by dierent ways such as by emission of a photon (uorescence),
by energy transfer to a nearby molecule, by conversion into a triplet state followed by
phosphorescence decay, or by a non-radiative dissipation of energy into heat. These
relaxation phenomena take place on dierent time scales, e.g.: vibrational relaxation of
the highest excited states to the main S1 (in Chls and Cars) or S2 (in Cars) electronic
levels occurs on a sub-picosecond timescale, energy transfer in <1 ps to tens of picoseconds
(1 ps = 10
−12
s), uorescence decay or intersystem crossing to a triplet state in a few
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Figure 1.4: A: chemical structures of Chl a, Chl b, Lutein, Neoxanthin, Violaxanthin, Zeaxan-
thin. B: Absorption of Chl b, Chl a and Cars.
nanoseconds, triplet decay in microseconds (1 µs = 10−6 s) to milliseconds (1 ms = 10−3
s).
Cars have important light-harvesting functions in various biological systems, for in-
stance by providing additional absorption in plants. In addition, Cars suppress hazardous
photochemical reactions by scavenging singlet oxygen and arguably have photoprotective
functions such as quenching Chl triplet states and under conditions of excess illumination
quench Chl singlet states [37-38]. Lut, Neo, Vio and Zea are present in the Lhc anten-
nas studied in this work. These Cars are formed by two ring structures at the end of
a polyene chain (a sequence of alternating conjugated double and single carbon-carbon
bonds), which is composed of 9-11 conjugated double bonds (see the structures of these
Cars in g. 1.4 A). Also these Cars present small dierences in absorption (not shown in
g. 1.4B).
Cars in plants are characterized by the main absorption bands in the Soret region below
about 520 nm. These transitions excite the electronic conguration to the second level S2.
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Due to symmetry reasons the rst level S1 is not accessible by a single photon, but can be
populated by the S2 Car states in <1 ps and decays in about 10-30 ps to the ground state
[39]. Cars also posses a triplet state decaying in micro- to milliseconds [40-42]. Several
other Car electronic states have been proposed although not all are unanimously accepted
[43].
Pump-Probe Spectroscopy
Figure 1.5: Schematic representation of a pump-probe set-up.
The main experimental technique used in this research is pump-probe/transient ab-
sorption (TA) spectroscopy. A sketch of a typical TA set-up is shown in g. 1.5. A
Ti:Sapphire oscillator generates a laser ash peaking at 800 nm. The beam is split into
two branches  the pump and probe beams. With an Optical Parametric Amplier the
800 nm pulse is tuned to the desired color. The resulting pump beam has a relatively
narrow spectrum (typically about 30 nm full width at half maximum) and is used to excite
molecules, i.e. to stimulate electronic transitions in the pigments contained in the sample.
A smaller fraction of the 800 nm pulse is used for the probe beam. After passing through
a movable delay stage, the 800 nm light is focused on a sapphire or calcium uoride crys-
tal to obtain a broad spectrum of white light. Subsequently, pump and probe beams are
focused on the sample, and after passing the sample the white-light probe is dispersed
by a spectrograph on a diode array detector. Thus, the probe beam is used to detect
the absorption of the excited sample at dierent probe wavelengths λ. The time delay
t between pump and probe pulses is controlled by the position of the delay line. Both
pump and probe pulses in the set-ups used in this thesis have typically a ∼100 fs (1 fs =
10
−15
s) temporal width, which determines the temporal resolution of the experiments.
The quantity measured in pump-probe spectroscopy is the dierence absorption ∆Abs (or
∆OD) of a preparation excited (pumped) at a determined wavelength and intensity of the
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pump beam minus the `dark' absorption. This quantity is computed from the following:
∆Abs(λ, t) = Abs(λ, t)PumpON − Abs(λ, t)PumpOFF =
log
I(λ, t)ProbeON − I(λ, t)ProbeOFF
I(λ, t)ProbeON − I(λ, t)ProbeOFF
PumpOFF
PumpON
(1.2)
The rst two terms show that the dierence absorption ∆Abs(λ,t) is the dierence be-
tween the absorption of the pumped and unpumped sample. The absorption of the sample
depends on two parameters: the detection (probe) wavelength λ, and the time t between
pump and probe beams. The last term in the formula shows how the dierence absorp-
tion relates to the light intensities I(λ,t) of the probe beam, which are directly measured
by the detector of the pump-probe set-up. These light intensities are detected in four
congurations depending on the position of the two rotating choppers (see g. 1.5): with
pump/probe crossing the sample (ON), or blocked before the sample (OFF) by a rotating
chopper. The two intensities with probe o are measured to correct the measurements
for electronic or background noise.
Figure 1.6: A: Example of a pump-probe spectrum. The arrow indicates the wavelength of
excitation. Positive or negative spectral contributions to the signal are labeled according to
the transitions. B: Electronic transitions upon interaction of a pigment with laser light. The
acronyms indicate Excited State Absorption (ESA), Ground State Bleaching (GSB), Stimulated
Emission (SE).
As shown in g. 1.6, a ∆Abs spectrum is composed of three types of signals. Negative
signals indicate ground-state bleaching or stimulated emission (SE), whereas positive sig-
nals correspond to excited-state absorption (ESA). A ground-state bleaching takes place
because excitation of pigments subtracts the absorption of their ground states from the
∆Abs(λ,t)PumpON term in (2). A bleach in the ∆Abs spectrum is located at the wave-
lengths where the ground state of the excited pigments absorbed, before exposure to light.
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SE is caused by a quantum phenomenon whereby excited electronic states are stimulated
to emit a photon. This happens when electrons excited by the pump beam interact with a
photon of the probe having the same energy dierence between the actual electronic level
and a lower energy level. Finally, ESA takes place when an excited state is further excited
to an even higher electronic level. Both SE and ESA are located in the wavelength range
corresponding to the energy of the electronic transition and are therefore indicative of
this specic electronic transition. Notice that bleaching, SE and ESA are never innitely
narrow, but are broadened with a certain bandwidth.
Global and Target analysis
Figure 1.7: Examples of time traces (A, B) and Evolution-Associated Dierence Spectra
(EADS) estimated from global analysis (C). Time traces are plots of ∆Abs as a function of
time delay t with detection at λ=680 (A) and 548 nm (B). The data (black points) was tted
with global analysis (black line), which consists of a superposition of exponentially rising and
decaying components (grey lines). This measurement was carried out on CP26 at 77K with 506
nm excitation. D: Sequential scheme with four compartments for used for global analysis. Note
that in A-C six compartments have been used. E: Example of compartmental scheme used for
target analysis.
The measurements resulting from pump-probe dierence absorption spectroscopy con-
sist of three dimensional data, i.e. ∆Abs as a function of the time delay between pump
and probe t and the detection wavelength λ. To show these data on a 2D graphics, plots
of ∆Abs as a function of t (time traces, see g. 1.7 A, B) or as a function of λ (spectra)
can be produced. The two time traces in g. 1.7 A, B show that the signal is a complex
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superposition of rises and decays of negative (GSB, SE) or positive (ESA) bands with
dierent time constants.
To represent the empirical 3D data in a synthetic manner, global or target analysis
can be employed [44]. These analyses also provide a quantitative analysis of the processes
taking place in the sample after excitation based on dierential equations. Before giving
a description of global and target analysis, a brief account will be given of the molecular
processes that may occur in a set of excited pigments.
Excitation of a sample leads to promotion of dierent pigments to a certain excited
state. Let us rst consider the simplistic case of a number of pigments having an excited
state A and ground state B. After the pigments are excited to A by the pump beam, the
excited state A of each pigment will relax to the ground state B with a certain probability.
This leads directly to an exponential decay of the A states and an exponential rise of B
as a function of time: Excitation of a sample leads to promotion of dierent pigments to
a certain excited state. Let us rst consider the simplistic case of a number of pigments
having an excited state A and ground state B. After the pigments are excited to A by the
pump beam, the excited state A of each pigment will relax to the ground state B with
a certain probability. This leads directly to an exponential decay of the A states and an
exponential rise of B as a function of time:
A(t) = A0e
−t/τ , B(t) = A0(1− e−t/τ ) (1.3)
where A0 and B0 are the initial populations and τ is the lifetime of the A→B process.
The lifetime τ is the average time the pigment stays in the initial excited state A0. These
exponential decay processes are analogous to other phenomena found in nature, such as
radioactive decay kinetics.
However, in general the situation is more complex, as a sample contains a number
of dierent pigments and pigments with more than two excited states. In addition, a
pigment in an excited state will relax to the ground state through a number of dierent
decay pathways. The kinetics of heterogeneous samples are typically multi-exponential.
The aim of the experimentalist using transient absorption spectroscopy is obtaining
these kinetics from the data to characterize and describe quantitatively how pigments in
the sample exchange excitations. Thus the dierence absorption spectrum of equation 1.3
reads:
∆A(t, λ) = ∆A−B · e−t/τ , (1.4)
where ∆A−B is the dierence absorption spectrum of the excited state A and the ground
state B, which consists of negative (GSB of B, SE of A) and positive (ESA of A) contri-
butions.
Without a knowledge of the kinetic model, information on the system can be obtained
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by tting the time traces with a sucient number n of mono-exponential decays with
increasing lifetimes (see the e.g. g. 1.7 A). When, as in our case (in this thesis), all
time traces at dierent detection wavelengths λ are tted with the same lifetimes, the
tting routine is termed global analysis. The kinetics are depicted in g. 1.7 D for n=4,
where each of the four compartments 1, 2, 3, 4 decays exponentially to the next with
lifetimes τ1, τ2, τ3, τ4. Global analysis yields the lifetimes τi and ∆Abs spectra termed
Evolution-Associated Dierence Spectra (EADS, see g. 1.7 C). Since each EADS decays
to the next with its corresponding lifetime they do not necessarily represent a specic
pigment excited state, but reect the time evolution of the spectra. Here I refer to the
Materials and Methods section of chapter 4 for a detailed description on how to interpret
a global analysis.
Analysis of the spectroscopic data can be pushed forward by applying a so-called
target analysis [44], where a more specic model is applied to the data (e.g. the kinetic
scheme in g. 1.7 E). The aim is to extract from the data the spectra (Species-Associated
Dierence Spectra, SADS) of the excited states of the dierent pigments and the rate
constants that describe the transitions between the various compartments.
Excitonically coupled pigments
In quantum mechanics the electronic states of atoms and molecules are described by wave
functions, i.e. probability amplitudes that behave as a function of space and time like
waves. In the case of two identical non-interacting molecules, their electronic states are
described by the solutions of their Hamiltonians:
H1φ
i
1 = 
i
1φ
i
1, H2φ
i
2 = 
i
2φ
i
2 (1.5)
where the subscripts indicate the molecules 1 or 2 and i=0, 1 indicates the ground and
excited state, respectively. From equation 1.5 one can obtain the energies i1,
i
2 of the two
molecules and the eigenfunctions of the isolated molecules:
φ11φ
0
2, φ
0
1φ
1
2 (1.6)
Equation 1.6 indicates that the wave functions of the excited state of molecule 1 and 2
are localized on either molecule 1 or molecule 2.
This concept and formalism is also adopted to describe the electronic states of pig-
ments (e.g. Chls) in a molecular aggregate (e.g. LHCII) [45], where the intermolecular
interactions between the pigments have to be taken into account. The simple case above
can be extended to the case where the two pigments are at an interacting distance R.
An additional term V describing the Coulombic interaction energy between them must
be added to the Hamiltonian:
H = H1 +H2 + V (1.7)
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The electrostatic interaction V between the molecules perturbs the eigenfunctions in equa-
tion 1.6 and the energies E1, E2 of the isolated molecules. The excited states resulting
from interacting molecules are called excitons. It can be shown that the resulting energies
of the coupled molecules are:
E00 = V00; E1 = 
1 + V11 + V12; E2 = 
2 + V11 − V12 (1.8)
The resonance interaction term V12=〈φ11 φ02 |V |φ01 φ12 〉 describes the Coulombic interac-
tion between the state with molecule 1 excited, molecule 2 not and the state with molecule
2 excited, molecule 1 not. This gives rise to a `dipole-dipole' interaction between the tran-
sition dipoles of molecule 1 and molecule 2. The important property of V12 is that its
operation moves the excitation from molecule 1 to molecule 2 and vice versa. For two
identical molecules the resonance interaction V12 is often reported in the form:
V12 = C
5.04k|µ1| |µ2|
R3
(1.9)
where C is a constant, k depends only on the orientation between the molecules (see
equation 1.10), and µ1, µ2 are the transition dipoles (describing the the direction and
absorption strength of the molecular transitions to the excited state). The expression
for k as a function of the direction of the transition dipole moments µ1, µ2 and the distance
R reads:
k = cos(−→µ1 · −→µ2)− 3 cos(−→µ1 · −→R ) cos(−→µ2 · −→R ) (1.10)
The interaction terms V00,V11=V22 are the dipole-dipole coupling between the perma-
nent dipoles of the two molecules, where both molecules are in the ground state (V00=
〈φ01 φ02 |V |φ01 φ02 〉), molecule 1 in the excited state and molecule 2 in the ground state
(V11= 〈φ11 φ02 |V |φ11 φ02 〉) or vice versa (V22= 〈φ01 φ12 |V | φ01 φ12 〉).
The eect of equation 1.8 is shown in g. 1.8. The rst term osets the ground state to
lower energies as compared to the ground state of the isolated molecules. The second and
third terms show that the energy levels have shifted to lower energies by V11 and have
split by 2·V12 (Davydov or exciton splitting). Since V11 is in general larger than V00, a net
red-shift occurs. In addition, depending on the geometry of the interacting molecules, the
oscillator strength of the dimer may be in the lower transition (for instance a head-to-tail
dimer, like in the purple bacterial LH2 complex) or in the upper transition (stacked dimer,
like in DNA) or distributed over both transitions. The head-to-tail dimer will produce a
further redshift, the stacked dimer a blue shift. In general, two new absorption lines are
produced, with relative intensities that depend on the geometry.
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Figure 1.8: Excited states of an exciton (center) composed of two identical molecules (left
and right). The two identical isolated molecules (left and right) have excited states at an 1=2
energy level (cf equation 1.1). If the molecules interact an exciton is formed (center) with resulting
energy levels E1, E2 given by equation 1.8. Upon exciton formation, the average energy of the
exciton levels (dashed energy level in the center) is shifted by V11 to lower energies, whereas the
ground state of the exciton is shifted by V00.
The eigenstates ψ1,ψ2 of the excitonic states are:
ψ1 =
1√
2
(φ11φ
0
2 + φ
0
1φ
1
2); ψ2 =
1√
2
(φ11φ
0
2 − φ01φ12) (1.11)
showing that the excited states are fully delocalized over both molecules.
To sum up the above key concepts: when two identical pigments interact two new
excitonic states are created, each being a linear combination of the original localized
states. Compared to the excited states of the uncoupled system, the two exciton states
have an energy splitting of 2·V12. In addition, electronic interactions between pigments
create coherent waves delocalized over the pigments, i.e. quantum molecular states shared
between dierent pigments. In reality, phonons and/or intramolecular vibrations partially
destroy the phase relationship between excited molecules and exciton formation.
This procedure can be extended to a given n number of interacting molecules in a
larger system as the Chls in LHCII (see chapter 5):
Hkφ
i
k = 
i
kφ
i
k; k = 1, ... n (1.12)
resulting in excitons with excited states delocalized over n pigments. In chapter 5 the
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exciton structure for Chls in LHCII were obtained by diagonalyzing the H matrix:
Hji = δ
ii + Vij =


1 V12 .. Vn1
V21 
2 .. Vn2
.. .. .. ..
V1n V2n .. 
n


(1.13)
where δi is the Dirac operator and the interactions Vij between Chls were calculated with
equation 1.9. Using several other model parameters, the spectra can be simulated from
a set of energy terms. The most likely energy terms i in equation 1.13 can be evaluated
by comparing the estimated spectra with the experimental ones.
Structure of the thesis
The subject of study in this thesis is the photophysics of four light-harvesting complexes.
Except for chapter 5 where an exciton model is presented, the chapters present pump-
probe data analyzed with global and target analysis. The results of the target analysis
were interpreted in terms of excitonic models for the light-harvesting complexes. The aim
is to identify and characterize quantitatively which sets of pigments are involved in the
transfer of excitation. This approach was applied to the CP26 and CP24 reconstituted
antennas of PSII in chapters 2-3 and to PC645 from the photosynthetic alga Chroomonas
CCMP270 in chapter 4. In particular, chapter 2 focuses on energy transfer between Chls b
and a, whereas in chapter 3 the question is whether Cars excited states transfer excitation
to Chls a and b or undergo internal conversion to lower excited states.
In chapter 5 experimental data was used as a basis to model LHCII with generalized
Förster and modied Redeld theories. The complete excitation energy transfer pathway
within and between the three monomers of LHCII is described both as transfer between
single Chls and in the exciton representation.
Although LHCII has been widely studied in the past, transfer between Chls of similar
energy is hindered by the spectral overlap of the Chl bands. This issue can be overcome
by using pump-probe anisotropy measurements, as discussed in chapter 6. The data will
allow a further advance of the likelihood of the model of chapter 5.
Finally, the topic of chapter 7 is how plant harvesting complexes protect themselves
from excess light. It has been previously proposed that Cars have a photoprotective role in
quenched/aggregated preparations [46], although the question remained whether the same
mechanism was valid in isolated LHCII complexes. To tackle this issue, gel preparations
of quenched LHCII were studied, where the antenna complex could be quenched without
aggregation eects. We show that Cars have an active role in NPQ by serving as energy
sinks for excited Chls.
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Chapter 2
Energy Transfer Pathways in the CP24
and CP26 Antenna Complexes of
Higher Plant Photosystem II: A
Comparative Study
This chapter is based on the publication: Marin A., F. Passarini, R. Croce and R. van
Grondelle. 2010. Energy transfer pathways in the CP24 and CP26 antenna complexes of
higher plant photosystem II: a comparative study. Biophys. J. 99:4056-4065.
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ABSTRACT
Antenna complexes are key components of plant photosynthesis, the process that converts
sunlight, CO2, and water into oxygen and sugars. We report the rst (to our knowledge)
femtosecond transient absorption study on the light-harvesting pigment-protein complexes
CP26 (Lhcb5) and CP24 (Lhcb6) of Photosystem II. The complexes are excited at three
dierent wavelengths in the chlorophyll (Chl) Qy region. Both complexes show a single
subpicosecond Chl b to Chl a transfer process. In addition, a reduction in the population
of the intermediate states (in the 660670 nm range) as compared to light-harvesting
complex II is correlated in CP26 to the absence of both Chls a604 and b605. However,
Chl forms around 670 nm are still present in the Chl a Qy range, which undergoes
relaxation with slow rates (1015 ps). CP24 shows a distinctive narrow band at 670 nm
connected with Chls b and decaying to the low-energy Chl a states in 35 ps. This 670
nm band, which is fully populated in 0.6 ps together with the Chl a low-energy states, is
proposed to originate from Chl 602 or 603. In this study, we monitored the energy ow
within two minor complexes, and our results may help elucidate these structures in the
future.
INTRODUCTION
Photosynthesis is the process whereby sunlight energy is used to convert carbon dioxide
into organic compounds. In plants, sunlight is absorbed by pigments bound to the light-
harvesting pigment-protein complexes (Lhc) of Photosystem (PS) I and II. Subsequently,
excitation energy is transferred to the reaction center, where conversion into chemical
energy takes place. The properties of the Lhcs of PSII have been intensely studied to
pursue a better understanding of the energy transfer processes (13) and of NPQ photo-
protection mechanism, in which excess excitation energy is dissipated into heat (48). In
the PSII of higher plants, six gene products belonging to the Lhc family constitute the
antenna system (9). The major antenna complex, LHCII, is a heterotrimer composed of
the Lhcb13 gene products. Three other Lhcs, the so-called minor antennas, are present
in PSII: CP29, CP26, and CP24 as encoded by the Lhcb4, Lhcb5, and Lhcb6 genes,
respectively. These antennas are located between the LHCII trimers and the core com-
plex, where primary energy conversion reactions take place (10). Thus, they are largely
involved in the delivery of the excitation energy to the reaction center (11). However,
clear data on the dierent roles played by the individual complexes in light-harvesting
and photoprotection are still lacking.
The x-ray structure of LHCII allowed investigators to assign pigment identity and
orientation (12,13). LHCII hosts per monomeric unit six chlorophylls (Chls) b, eight
Chls a, and four carotenoids (Cars) (two luteins (Lut) in the central L1 and L2 sites, one
neoxanthin (Neo) in the N1 site, and one violaxanthin (Vio) in the V1 site). No structures
are available for the minor antenna complexes, although sequence homology with LHCII
Chapter 2 25
suggests a very similar structural organization (14). It has been suggested that minor
antenna complexes coordinate a smaller number of Chls as compared to LHCII (i.e.,
eight for CP29, nine for CP26, and ten for CP24) (15,16). Researchers have employed
in vitro reconstitution (1720) coupled with mutation analysis (2126) to elucidate the
structure/function of these complexes. The results led to a map of the occupation of
pigment-binding sites, which represents the starting point for understanding the functional
architecture of these complexes. The next step is to integrate structural data with time-
resolved spectroscopic results, but to date this has been done only for LHCII and CP29
(1,27,28).
Previous experiments on native trimeric and monomeric LHCII, carried out at 77
K (2932), revealed similar dynamics for the two types of complexes. Notably, it was
inferred that Chl b excitation energy transfer (EET) occurred more slowly and to Chls a
absorbing at higher energies in monomers than in trimers. One obvious reason for this
is the destruction of the Chl b cluster (b601(1), b608(2), and b609(2)) at the interface of
two monomers, and the fact that due to the absence of intermonomer energy transfer, the
nal state is bluer and broader. It was concluded that the intramonomeric energy transfer
in native trimeric LHCII can explain many of the fast Chl b to Chl a singlet excitation
transfer processes and the slow dynamics between Chls a. However, the relatively high
pump intensities used for these experiments put the results outside the annihilation-free
regime.
More recently, Novoderezhkin et al. (27) and Palacios et al. (33) studied LHCII and
monomeric or homotrimeric recombinant Lhcb13 complexes at 77 K by exciting in the
Chl Qy region. EET from Chl b to Chl a mainly occurred rapidly, with two sub-ps
components (130 and 600 fs) followed by a slower ∼3 ps phase from the Chls absorbing in
the intermediate-state region (660670 nm) between the major Chl b and Chl a Qy bands.
The heterogeneous dynamics found in the Chl b Qy band were explained by equilibration
within two Chl b bands. Excitation at 661 nm showed a fast process (0.50.6 ps) from
red-shifted Chls b to Chls a followed by slower dynamics (∼2.5 ps) between Chls a. In
general, the lifetimes found for the dierent isoforms were similar, and a high homology
between the complexes was suggested.
Several transient absorption (TA) studies were undertaken on LHCII and on the minor
antenna CP29, focusing on Chl-Chl dynamics both at room temperature (3437) and at
77 K (38,39). The room-temperature TA measurement on CP29 after 640 and 653 nm
excitation showed three Chl b to Chl a EET lifetimes of 0.15, 1.2, and 56 ps, along with
a lifetime of 0.60.8 ps for the Chl b absorbing at 640 nm (38). In a study of CP29 at 77
K, Gradinaru et al. (38,39) reported lifetimes of 0.220.35 and 2.2 ps for Chls b absorbing
at 640 nm, 2.2 ps for Chls b absorbing at 650 nm, and a slower ∼10 ps component for
both Chl b pools. Two components of 0.28 and 10 ps describing EET from blue to red
Chls a were also found. Notably, in a temperature-dependent study of energy transfer in
LHCII, Savikhin et al. (40) observed only small dierences between data obtained at 77
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K and at room temperature.
In this work, we performed femtosecond pump-probe measurements to study the EET
dynamics in CP24 and CP26, and obtain information for a full characterization of the
light-harvesting process in the antenna complexes of PSII. In addition, the dierences in
EET dynamics among members of the Lhc family are discussed with the aim of under-
standing the role played by each antenna in light-harvesting and photoprotection.
MATERIALS AND METHODS
Sample preparation
Mature DNA sequences coding for CP24 (AT1G15820) and CP26 (AT4G10340) were
amplied from an Arabidopsis thaliana cDNA library by polymerase chain reaction us-
ing specic primers. Amplied sequences were then cloned in a modied pET-28a(+)
vector carrying a minimum polylinker and overexpressed in the Rosetta2(DE3) strain of
Escherichia coli. Apoproteins were puried as inclusion bodies, and pigment-protein com-
plexes were reconstituted as previously described (41) using a mix of puried pigments
extracted from spinach with a Chls a/b ratio of 2.9 and a Chls/Cars ratio of 2.7. Puri-
cation of the antenna complexes from unfolded proteins and free pigments was performed
as described previously (26).
77 K steady-state absorption spectra and pigment content analysis
We recorded 77 K absorption spectra using a Cary4000 spectrophotometer (Varian, Palo
Alto, CA) at a Chl concentration of ∼6 µg/mL in 10 mM HEPES pH 7.5, 0.03% β-
DM, and 70% v/v glycerol. The pigment complement of CP24 and CP26 complexes
was extracted from the antenna complexes with 80% acetone (v/v). It was analyzed
by integrating data obtained independently with two methods: high-performance liquid
chromatography (42) and tting of the acetone extracts. The tting consisted of com-
paring the acetone extract spectrum with the spectra of individual pigments as described
previously (43). The pigment content is reported in table 2.1.
Pigment content of the CP26 and CP24 protein complexes
Chl a/b Chl/Car Chl a Chl b Lut Vio Neo Chls
CP26 1.92 3.88 5.91 3.09 1.40 0.08 0.85 9.00
CP24 1.00 5.23 5.01 4.99 0.97 0.95 0.00 10.00
Table 2.1: Values are normalized to the proposed total number of Chls reported in the last
column. The error is > 5%. Lut, lutein; Vio, violaxanthin; Neo, neoxanthin.
Femtosecond TA setup
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Femtosecond laser pulses were obtained with a seed laser (Vitesse-2W; Coherent, Santa
Clara, CA) and a regenerative amplier (Legend USP-1K-HE; Coherent) pumped by
the second harmonic of an Nd:YLF laser (Evolution-30; Coherent). The output of the
amplier was 2.5 mJ per pulse at 1 kHz, with a duration of <40 fs at 800 nm. The
output was split into two beams: one beam was focused into a CaF2 plate to generate a
white-light continuum for the probe pulse, and the other was used to pump an infrared
optical parametric amplier (Opera-HE-USP-1K; Coherent). The output of the OPA
was tuned to 1264, 1304, or 1324 nm and frequency-doubled in a BBO crystal to generate
632, 652, or 661 nm pump pulses. After frequency doubling was achieved, a low-pass lter
was used to block the residual of the fundamental. To achieve a higher selectivity upon
excitation, interference lters were used with central wavelengths of 632, 652, and 661 nm,
and bandwidths of 10.6, 9.4, and 9.8 nm, respectively. The instrument response function
of the system was 112 fs, estimated from the full width at half-maximum (FWHM) of the
cross-correlation signal measured after mixing pump and probe beams in a BBO crystal
at the position of the sample. A magic angle conguration was adopted for the mutual
orientation of pump and probe polarizations by rotating the polarization of the pump with
a Berek polarizer. The time dierence between the pump and the probe was adjusted
by changing the pump beam path length through an optical 60 cm-long delay line (M-
IMS600CHA; Newport, Irvine, CA). Via a phase-locked chopper, the repetition rate of
the pump was lowered to 500 Hz. In this way, pumped and unpumped absorption spectra
were successively acquired shot-to-shot at 1 kHz with an in-house-built photodiode array
(PDA) detector. The pump and probe beams were then focused in the sample. The
diameter of the probe in the focus was ∼115 µm FWHM. The overlap of the pump
and probe at the focus was optimized with the pump entirely covering the probe. After
collimation was completed, the probe was sent into a spectrograph and detected with an
in-house-built PDA detector. The PDA (S4801; Hamamatsu, Hamamatsu City, Japan)
had 256 x 2 pixels over a length of 32.0 mm, giving a spectral resolution of 1.2 nm.
Excitation intensities of 1.343.0 nJ/pulse were used. All measurements were carried out
at 77 K on samples contained in a 1 mm cuvette with absorption OD = 0.4/mm.
Data analysis
The recorded TA data were analyzed simultaneously with a global analysis tting rou-
tine described previously (44). Time-resolved data probed at dierent wavelengths were
tted together using an irreversible kinetic model consisting of sequentially interconvert-
ing compartments connected by successive monoexponential decays of increasing time
constants. The model yields dierence spectra, termed evolution-associated dierence
spectra (EADS), each of which decays with a corresponding lifetime. A Gaussian in-
strument response function with FWHM ∼112 fs was necessary to t the TA data after
pump excitation. The group velocity dispersion of the probe was parametrized with a
third-order polynomial. The rst EADS corresponds to the state after excitation, and
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the next EADS, which contains mixtures of several species, portrays the evolution of the
excited states of the system.
RESULTS
OD spectra
In g. 2.1, the 77 K absorption spectra of CP26 and CP24 are displayed along with their
second derivative. CP26 in the Qx/Qy region shows a characteristic spectrum with three
peaks at 676.4, 650.8, and 636.2 nm. CP24 peaks in the Qy region at 669.6 nm and has a
shoulder at 675.5 nm. The Chl b band peaks at 650.0 nm and, similarly to CP26, a Chl b
absorbing at high energies is discernible by the shoulder it forms around 637.6 nm. The
Soret region reects dierent Chl and Car content in the systems.
Figure 2.1: 77 K absorption spectra of CP26 and CP24 (top), and the second derivative
(bottom). The spectra were normalized at the maximum OD of the Qy region.
CP26, 652 nm excitation
Pump-probe experiments with excitation at 632, 652, and 661 nm were carried out on
CP26 and CP24. Pump-probe traces at dierent excitation and detection wavelengths
are shown in g. 2.2. For the global analyses of CP26, excited at 652 or 661 nm, four
components were minimally required to describe the data. A fth component was needed
in the CarT region at late delay times (see g. 2.5). The rst spectrum of the analysis
after 652 nm excitation (g. 2.3 B) shows a bleach peaking at 651.5 nm and a at
bleach/stimulated emission (SE) band covering the Chl Qy 660675 range. The presence
of excited Chls dispersed over the whole Qy region implies that either partial energy
transfer from Chls b to a has already occurred on a timescale <100 fs, or that Chls a
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were excited directly in the Qy vibronic band. Below 620 nm (not shown) a at Chl a
and b excited state absorption (ESA) appears, followed at wavelengths shorter than ∼500
nm by the bleach/SE of the Chl b Soret band.
A lifetime of 210 fs leads to the second component of the global analysis. Clearly,
excitation has moved from the Chl b to the Chl a states at 677 nm. In the second
spectrum, the area of the 652 nm band has decayed by 60%, whereas the Chl bands
above ∼670 nm have increased. The second 1.5 ps component results in the complete
decay of the Chl b excited states and a reduction of the high-energy ank to the Chl a
Qy bleaching. The fastest 210 fs transition shows the decay of a Chl b population at
650 nm, whereas in the subsequent 1.5 ps transition the decaying Chl b band is centered
at 653654 nm. This behavior is similar to what was found by Palacios et al. (33) for
monomeric or homotrimeric recombinant Lhcb13 complexes, meaning that dierent Chl
b populations are present, and the higher-energy population (650 nm) decays faster than
the lower-energy population (653654 nm). In addition, the rst two transitions also show
the decay in the intermediate-state region of bands centered at 660665 and 663668 nm.
A comparison of the ESA of the third and fourth EADS in g. 2.3 B indicates that a
slowly decaying population of intermediate states absorbing at relatively high energies
(∼660675 nm) overlaps with the Chl a ESA, shifting the bleach/SE peak in the third
spectrum to slightly higher energies (i.e., to 678 nm). Therefore, the second evolution
shows, next to the decay of Chls b, a faster phase of the intermediate states. However,
the contribution of these intermediate states is much less evident in CP26 than in LHCII
and LHCII components (33), suggesting that these states are less populated.
The last component in g. 2.3 B, which shows a peak at 679 nm and an ESA at
shorter wavelengths, represents the equilibrated spectrum. The Chl a bleachings in our
experiments decay in 1.12.4 ns, although a precise determination of such a lifetime is
limited by the length of the delay line used (3.4 ns). The intermediate states decay in 10
ps to the reddest Chls a, which slightly increase in population.
An additional innite component was needed to correctly t the features appearing
at late delay times in the ∼480 520 nm range (the EADS are shown in g. 2.5). The
component is associated with the rise of a Car triplet (CarT), formed after the slow Chl
triplet (ChlT) formation and fast ChlT-to-CarT transfer (45). All EADS in g. 2.5 show
a bleaching at 490495 nm and a maximum ESA at 511 nm, and thus are 35 nm red-
shifted as compared to the RT spectrum of CP26 (46). This dierence is likely due to the
fact that at 77 K only the triplet state of Lut-L1 is populated, since at this temperature
most of the excitation ends up in the lowest Chl states (Chl a610a612), lying close to
the Car in the L1 site (Lut) (47).
CP26, 661 nm excitation
The EADS appearing at time zero (g. 2.3 C) shows a bleach/ SE with minima at 666 and
675 nm. The band at longer wavelengths originates from both direct excitation and ultra-
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Figure 2.2: Kinetic traces for CP26 (top) and CP24 (bottom) at 77 K. The detection and
excitation wavelengths are indicated in the legends.
fast (<100 fs) energy transfer from the excited pigments to the Chls a. Compared to the
EADS previously reported for LHCII and LHCII components (see g. 2.7 in Palacios et
al. (33)), the rst peak is red-shifted by several nanometers and the peak at 675 nm is
more pronounced, suggesting that EET to low-energy Chls a is more ecient in CP26.
Similar to the 652 nm data set, a at Chl a/b ESA lls the 500635 nm range in all EADS.
Only in the rst spectrum is a small bleach/SE at 472479 nm present, implying that a
fraction of Chls b (estimated in 10% of the total Qy bleaching) is excited at 661 nm, and
that it belongs to the Chl b population transferring to Chl a in the sub-ps range. During
the 3.5 ps transition, EET from intermediate states to Chls a took place. The EADS in
fact is composed of a bleach/SE at 676.5 nm and a pronounced shoulder at ∼668 nm.
The rst two evolutions, with lifetimes of 320 fs and 3.5 ps, thus describe two phases of
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Figure 2.3: Global analysis of CP26 excited
at 632 nm (A), 652 (B), and 661 nm (C).
Figure 2.4: Global analysis of CP24 excited
at 632 nm (A), 652 (B), and 661 nm (C).
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the EET from Chls b and blue Chls a to Chls a absorbing at lower energies. Similar to
the 652 nm data set, some residual long-lived states are noticeable in the ∼660675 nm
range of the third spectrum, since a shoulder is present at ∼666 nm, which decays in the
last evolution (15 ps). As in the case of CP26 excited at 652 nm, the fourth component is
uniquely composed of equilibrated Chl a excited states, since the long-lived Chl a excited
states at ∼666 nm are replaced by a Chl ESA.
CP26, 632 nm excitation
The steady-state absorption spectrum of CP26 shows a characteristic band at 636 nm.
To study the EET pathways from this blue-shifted Chl b, we performed pump-probe
experiments with excitation at 632 nm (g. 2.3 A). The rst EADS displays a bleach/SE
with peaks at 636 and 677 nm. The presence of excited Chls a is likely due to direct
excitation of Chls a in the Qy vibrational band, which is likely Chl a-unspecic. Notably,
the EADS is at in the 643662 nm range, suggesting that other excited Chls b are not
present in the spectrum. The second spectrum appears in 1.1 ps and shows a decay of
the Chls b at 636 nm and a rise in the Chl a region, with a maximum at 678 nm and a
pronounced shoulder at ∼670 nm. No excitation transfer between Chls b has taken place,
since no trace of excited Chls b around 650 nm is visible. The second 7.9 ps evolution
shows equilibration within the Chl a band with the loss of blue Chl a around 670 nm.
In contrast to the other data sets, a t with four components (not shown) yielded no
signicant improvements in the t.
CP24, 652 nm excitation
The t shown in g. 2.4 B was accomplished with four components plus an additional
one for the rise of the CarT at late delay times (g. 2.5). The rst EADS is composed
of a bleach/SE at 650 nm and a sharp feature at 670 nm. Similarly to CP26, the Chl b
bleaching is asymmetrically broadened on the low-energy side. This indicates the presence
of dierent Chl b pools in the bleaching. In the second component appearing in 610 fs,
the area of the Chl b bands has decreased by 86%. Two distinct narrow bands appear
with peaks at 670 and 676 nm, mostly as a result of EET from the Chls b. Similarly to
CP26, the rst two transitions show a red shift of the decaying Chl b bands, implying
that a Chl b population at relatively high energies has decayed in the rst sub-ps phase.
In the third spectrum rising in 3.6 ps, the complete decay of the Chl b excited states and
the band at 670 nm can be observed. The main bleach/SE of the Chl a region at 677
nm originates from excited Chls a absorbing at low energies. As compared to the last
spectrum, the 30 ps EADS appears slightly broadened on the high-energy side. The last
spectrum in fact shows a shift of 1.1 nm to higher wavelengths. This is the result of a
decay in the high-energy side of the Qy peak, due to slow recombination within dierent
Chl a populations.
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CP24, 661 nm excitation
The rst EADS of the 661 nm excitation experiment (g. 2.4 C) shows a broad bleach/SE
at 669 nm anked by a band at 658 nm, and a small shoulder on the high-energy side at
∼675 nm. Chl b signal is present below 490 nm only in the rst EADS (not shown). Based
on quantitative estimations of the Soret and Chl b Qy bleaching areas, we conclude that
the whole band at 658 nm originates from excited Chls b. The presence of dierent Chl
populations in the spectrum implies that part of the 676 nm band visible in the second
EADS has already occurred, either via direct excitation by the pump beam or by ultrafast
EET from other Chls at higher energies. Similar to the 652 nm data of g. 2.4 B, in the
second EADS the same two peaks at 670 and 676 nm of g. 2.4 B are present. This means
that the rst dynamics in the 652 and 661 nm data sets are analogous. Remarkably, the
670 nm band has not grown in the rst evolution of g. 2.4 C, implying that this band
has not received excitations from excited Chl absorbing around 658 nm. Therefore, in the
rst evolution, the red Chls b forming the shoulder at 658 nm show EET uniquely to the
band at 676 nm. The two slowest lifetimes provided by the global analyses in g. 2.5, B
and C, are similar. They describe the decay of the 670 nm band and the equilibration
between the Chl a bands peaking at 676/677 nm.
CP24, 632 nm excitation
A global analysis for the pump-probe experiments on CP24 excited at 632 nm is shown
in g. 2.4 A. In the rst EADS, Chl b bleach/SE bands are spread over the whole Chl
b Qy region, with discernible bands at 638 and ∼650 nm. The two Chl a bands seen in
the previous data sets are also present at 671 and 675 nm. Part of these excited Chl a
bands are the result of direct excitation, due to the background absorption of vibronic
transitions. In the second spectrum appearing in 660 fs, the Chls b absorbing at high
energies have completely decayed, whereas some residual Chls b in the 645660 nm region
are still excited and overlap with the Chl a ESA. The Chl a bleach/SE has increased and
the ratio between the two bands has changed, suggesting that EET has favored the 675
nm band. In the third EADS, appearing in 4.8 ps, the main bleach narrows and shifts
to 676 nm because of the decay of the 670 nm Chl a band. Therefore, one can conclude
that the dynamics after the rst evolution are similar to those of the 652 nm data set, as
evidenced by the build-up of the same bands at ∼670 and 675 nm, followed by relaxation
in the second picosecond evolution. The nal transition shows the relaxation among Chls
a.
DISCUSSION
Femtosecond TA measurements on the antenna proteins CP26 (Lhcb5) and CP24 (Lhcb6)
of PSII provide information about the excitation energy dynamics in these complexes.
Although it is not possible to produce a complete model for the EET in these antennas
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Figure 2.5: EADS with innite lifetime of the global analyses in gs. 2.3, AC, and 2.4, AC,
describing CarT formation at late delay times. The spectra were normalized for clarity.
in the absence of an atomic structure of the complexes, one can attempt to explain
the observed dynamics in the structural framework by combining the information about
Chl assignment provided by mutation analysis (25,26) with the LHCII exciton model
(2,3,27,48). This approach allows us to assign most of the dynamics and compare the
EETs in individual complexes. The characteristic lifetimes observed are summarized in
tables 2.2 and 2.3 along with qualitative assignments.
CP26
Stoichiometric data indicate that CP26 coordinates nine Chls (six Chls a and three Chls
b (15)), and it has been suggested that, as compared to LHCII, Chls 601, 604, 605, 607,
and 608 are missing (25). In the TA data, three Chl b to Chl a EET components were
observed in CP26: 210 fs and 1.5 ps from Chls b absorbing at 650 nm and 1.1 ps for
a Chl b form at 636 nm. One distinctive feature of CP26 compared to LHCII is the
reduction of the slow Chl b decay lifetime, from 3.3 ps (33) to 1.5 ps. In addition, the
corresponding EADS show smaller amplitudes of the intermediate states (660670 nm).
These indications suggest that the overall EET to the low-energy states occurs more
rapidly in CP26. According to the energy level diagram in g. 2.8 of van Grondelle
and Novoderezhkin (2), the EET from the b606-b607 pair to the bottleneck states Chl
b605 and Chl a604 describes the slow dynamics in both Chl b and a bands in LHCII.
The proposed lack in CP26 of both bottleneck Chls destroys the EET pathway from the
b606-b607 pair to the remaining Chls. The result is the suppression of the slowest Chl b
to Chl a EET process.
Neglecting the possible ultrafast population of Chls a, a single sub-ps component is
sucient for a global t of the Chl b dynamics. The absence of a sub-ps component in
CP26, in contrast to LHCII (where two components of 0.13 and 0.6 ps are present), is
very likely related to the absence of Chls b607 and b608 in the former complex (25).
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The measurements also show that the Chl b absorbing at 636 nm does not transfer
energy to other Chl b molecules. Mutation analysis suggests that the 636 nm form is
associated with Chl 606 (25). The absence of transfer from this Chl b to other Chls b is
in agreement with the absence in CP26 of Chls 607 and 605, which in LHCII are located
close to Chl 606. However, in the framework of the LHCII model, the 1.1 ps transfer from
this 636 nm species seems much too fast for a Chl that it is expected to be relatively
isolated (considering the LHCII structure, the closest Chl should be Chl 609 at 14 Å).
On the other hand, we should take into account that the ligand for Chl 606 in LHCII is a
Gln, whereas it is a Glu in CP26. This substitution has been shown to strongly inuence
the hydrogen-bond network that stabilizes the C-helix domain. As a result, this is the
main factor responsible for the dierence in the pigment binding and organization in this
domain between CP29 and LHCII (21,22). In this respect, CP26 is expected to be very
similar to CP29. Indeed, TA measurements on CP29 show that the transfer from the 640
nm form occurs in 600900 fs to a blue Chl a, without the involvement of other Chl b
forms (37,49), exactly as in CP26. On the basis of these considerations, we thus attribute
the 1.1 ps component to EET from Chl 606.
As regards the forms in the intermediate-states region, both fast and slow dynamics
are visible in the data. In the 661 nm data, the fast 320 fs transfer originates in part from
a fraction of red Chls b absorbing roughly below 660 nm, but in great measure (∼75%)
from blue Chls a (at 665 nm). According to the excitonic model of LHCII, slow dynamics
could be explained by the presence of a Chl a in the 604 site. However, the assignment
of the a604 is problematic because mutation analysis cannot directly target this site. As
a consequence, the absence of Chl 604 was suggested only on the basis of stoichiometry
considerations (26). On the other hand, it was also shown (50) that the absence of Neo
inuences the absorption of an unidentied Chl a, which in principle could be Chl a604,
since it is the closest Chl a to Neo (3.3 Å). Moreover, we observe that these slow forms
are absent in the third transitions of CP24. This suggests that Chl a613 and/or a614,
which CP24 lacks, may be involved.
Mutation analysis (25) showed that the absorption form at 665 nm is associated with
Chl 614, whereas the Chl a in the a613 site was suggested to absorb at 678 nm. In the
exciton model (2), the relaxation time from the lumenal-side Chl a613 (and Chl a614) to
the red states was estimated in the ps regime (cf Chapter 5 of this thesis), making Chl
a613 a possible candidate for the slow dynamics around 665 nm.
CP24
Stoichiometric and mutagenesis information obtained from the CP24 complex indicates
that two Chl b clusters are conserved as compared to LHCII, b606-b607, and b608- b609,
whereas the fth Chl b is suggested to be associated with site 604 (based on indirect ob-
servations). Two Chl binding sites, Chl a613 and a614, are absent in CP24, in contrast to
LHCII (in addition to the labile b605 and b601 sites, which are absent in all reconstituted
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complexes) (26). In all CP24 data sets, evidence was found for three Chl a bands located
at ∼670, 675, and 678680 nm. Similarly, we can resolve at least three Chl b bands at
638, 650, and 653654 nm, to be assigned to the 5 Chls b present in the complex.
Notably, most of the Chl b to Chl a transfer (86%) in CP24 occurs in the sub-ps range,
indicating ecient overall EET from Chl b to Chl a, and suggesting a functional disruption
of the bottleneck Chls in the 604 and 605 sites. As in CP26, one high-energy Chl form
must account for the shoulder at 637.5 nm in the OD spectrum. The main dierence
between the 632 nm data sets of CP26 and CP24 is that in CP24, Chls b absorbing at 650
nm get involved in the fast excitation transfer dynamics originating from the 637 form.
This can easily be explained by considering that CP24 is very rich in Chls b, especially
in the neighborhood of Chl 606, whereas this is not the case in CP26. The attribution of
the absorption at 637.5 nm to Chl b606 in CP24 can also explain the relaxation pathways
to the Chl 604 and/or Chl b607 site.
The 652 nm excitation data set shows the transfer from two Chl b populations to two
Chl a bands at 670 and 674.5 nm. The rst evolution occurs only in 610 fs, indicating a
reduced fast Chl b to Chl a transfer in CP24. It is interesting to note that in both the
652 and 661 nm excitation data sets, the spectra at time zero show little Chl a bleaching
above 670 nm, but a pronounced narrow band at 670 nm. This suggests that most of
the Chls b do not seem to strongly interact with the low-energy states Chls a. This is
in agreement with the proposed assignment that all Chls b are clustered in the C-helix
domain and thus are far from Chl a611 and a612, which accommodate the lowest-energy
state (26).
The most probable assignment of the 670 nm band is to Chl a602 or a603. In favor of
this assignment, the 2.53 ps migration time from this Chl a cluster to others, as estimated
by the LHCII model, is consistent with our observations when the faster transitions to the
a613a614 Chls a are neglected (as is the case with CP24, where these two Chls are not
present). Alternatively, evidence was found that Chl a610 does not contribute to the low-
energy state of the complex (26) and instead absorbs at 670 nm. However, in this case,
a transfer time of 3 ps seems too slow for a correct description of the dynamics between
Chl a610 and the Chl a611/a612 pair; these Chls are clustered in the stromal layer of the
complex, as also indicated in CP24 by mutation analysis (26). This assignment leads to
the conclusion that a large part of the 650 nm excitation passes through Chl a602/a603
before reaching the lowest energy state.
CONCLUSIONS
In this work, we studied the excited-state dynamics of the minor antenna complexes
CP24 and CP26 in detail by TA upon excitation at dierent wavelengths in the Qy
region. The dynamics in CP26 are rather similar to those of LHCII, with two exceptions:
the reduction of the contribution of the bottleneck states, and the presence of only one
sub-ps Chl b to Chl a transfer component. Both observations could be explained by the
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Lifetime (ps) Spectral position (nm) Assignment
<0.1 660-680 Chl b to Chl a transfer and/or Chl a Qx state relaxation
0.21 650, 653 Chl b to Chl a transfer
660-665 Chl b and a to Chl a transfer
0.32 655-670 Chl b (25%) and Chl a (75%) to Chl a transfer
1.1 636 Chl b to Chl a transfer
1.5 653 Chl a to Chl a transfer
1.5-3.5 666-668 Chl a to Chl a transfer
10-15 660-690 Equilibration within Chl a bands
1-2 ns 670-690 Chl a excited states decay
480-530 CarT formation
Table 2.2: Summary of observed lifetimes and spectral positions, and assignment of components
for CP26
Lifetime (ps) Spectral position (nm) Assignment
<0.1 670 Chl b to Chl a transfer and/or Chl a Qx state relaxation
0.21 658 Chl b to Chl a transfer
670 Chl a to Chl a transfer
0.61 649, 654 Chl b to Chl a-670 and Chl a-675 nm transfer
0.66 636 Chl b to Chl a transfer
3 655-665 Chl a to Chl a transfer
3.0-4.8 670 Chl a to Chl a transfer
4.8 645-655 Chl b to Chl a transfer
30 660-690 Equilibration within Chl a bands
1-2 ns 670-690 Chl a excited states decay
480530 CarT formation
Table 2.3: Summary of observed lifetimes and spectral positions, and assignment of components
for CP24
absence in CP26 of specic Chls. However, one can conclude that in terms of its EET
dynamics, CP26 strongly resembles LHCII. This suggests a very similar structure and
pigment organization, in agreement with previous data (43,51). This is also in line with the
fact that, in the absence of LHCII, CP26 is able to form trimers and to substitute LHCII
in the PSII supercomplex (52). The high similarity between the two complexes suggests
that this substitution would have a minor inuence on the light-harvesting properties of
the PSII supercomplexes and thus on the functioning of the system. At variance with
CP26, CP24 shows clearly dierent dynamics as compared to LHCII. First, this complex
is strongly enriched in 670 nm forms with a narrow spectrum. Furthermore, most of the
transfer from Chl b to Chl a occurs in 610 fs and is directed toward Chl a602 and/or Chl
a603, thereby mediating a large part of the transfer to the lowest energy state. These two
Chls in CP24 seem to play a special role: Chl a603 has been suggested to be a quenching
site (53), and the occupancy of the Car L2 site, located close to Chl 603, has been shown
to modulate quenching (26). Moreover, mutation analysis shows that, in contrast to the
other antenna complexes, the mutants aecting these two binding sites are not stable (26),
suggesting an important functional role for these Chls. A large part of the excitation is
intercepted by these Chls before they reach the lowest-energy state, from which energy
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is transferred to the next complex (11). Thus, these Chls may have a functional role
in regulating transfer and/or quenching when, under stress conditions, CP24 dissociates
from the PSII supercomplex (54).
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Chapter 3
Minor Complexes at Work:
Light-Harvesting by Carotenoids in the
Photosystem II Antenna Complexes
CP24 and CP26
This chapter is based on the publication: Marin, A., F. Passarini, I. H. M. van Stokkum,
R. van Grondelle and R. Croce. 2011. Minor complexes at work: light-harvesting by
carotenoids in the photosystem II antenna complexes CP24 and CP26. Biophys. J.
100:28292838.
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ABSTRACT
Plant photosynthesis relies on the capacity of chlorophylls and carotenoids to absorb light.
One of the roles of carotenoids is to harvest green-blue light and transfer the excitation
energy to the chlorophylls. The corresponding dynamics were investigated here for the
rst time, to our knowledge, in the CP26 and CP24 minor antenna complexes. The results
for the two complexes dier substantially. In CP26 fast transfer (80 fs) occurs from the
carotenoid S2 state to chlorophylls a absorbing at 675 and 678 nm, whereas transfer from
the hot S1 state to the lowest energy chlorophylls is observed in <1 ps. In CP24, energy
transfer from the S2 state leads in 80 fs to the population of chlorophylls b and high-energy
chlorophylls a absorbing at 670 nm, whereas the low-energy chlorophylls a are populated
only in several picoseconds. The results suggest that CP26 has a structural and functional
organization similar to that of LHCII, whereas CP24 diers substantially from the other
Lhc complexes, especially regarding the lutein L1 binding domain. No energy transfer
from the carotenoid S1 state to chlorophylls was observed in either complex, suggesting
that this state is energetically below the chlorophyll Qy state and therefore may play a
role in the quenching of chlorophyll excitations.
INTRODUCTION
Plants are able to produce organic compounds consuming carbon dioxide, water, and
energy from light. Two large pigment-protein complexes in the thylakoid membrane of
the chloroplast, Photosystems I and II, perform the rst stages of the solar energy storage
reactions. Each photosystem is composed of two elements: the reaction center, where
the actual energy conversion takes place, and the antenna complexes, whose role it is to
absorb sunlight and funnel the electronic excitation to the reaction centers. Photosystem
II consists of a core complex containing 36 chlorophylls (Chls) and several carotenoids
(Cars) (1). It is surrounded by four peripheral antenna complexes: the major antenna
light-harvesting complex II (LHCII), present as a trimer in the membrane, and the three
minor antenna complexes CP24, CP26, and CP29 (2,3). Each one includes a collection of
pigments, Chls and Cars, held in place by coordination to specic residues or molecules.
Hence, funneling of energy from antennas to reaction centers is eectively carried out by
means of excitation energy transfer (EET) between (groups of) pigments (for details see
Croce and Amerongen (4)). However, these complexes also have a second role: in high
light, when the maximal rate of the converting energy process is not sucient to process
the number of harvested photons, they are able to dissipate the excess absorbed energy
and avoid damage in a process called non-photochemical quenching (NPQ) (57).
The crystal structure of trimeric LHCII (8,9) shows the presence and positions, per
monomeric unit, of 14 Chls  six Chls b and eight Chls a  and four Cars  two Luteins
(Luts) in the L1 and L2 sites, one Neoxanthin (Neo) in the N1 site, and one Violax-
anthin/Zeaxanthin (Vio/Zea) in the V1 site (1013). Furthermore, very recently the
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structure of CP29 has become available, showing a pigment organization very similar to
that of LHCII, although the occupancy of several binding sites is dierent (14). Although
the minor antennas CP24 and CP26 are supposed to be homologous to the monomeric
subunit of LHCII, so far their structures are unknown. The pigment organization in an-
tenna complexes has been intensely investigated using the in vitro reconstitution approach
(15,16), by reconstituting the complexes in the presence of dierent pigments (1719), and
by analyzing a series of single point mutants aecting the pigment binding (2022). These
studies have shown that the minor antenna complexes contain two (CP24) or three (CP29
and CP26) Car binding sites. Site L1 hosts Lut in all complexes, whereas site L2 accom-
modates Lut in CP26, and Vio in CP29 and CP24. Neo is bound to site N1 in CP26 and
CP29 (23) and is absent in CP24 (22).
Spectral properties of Cars have been extensively studied in solution where interactions
with other pigments are absent (for a review, see Polívka (24)). However, fundamental
photosynthetic processes such as light-harvesting and photoprotection (triplet quenching
and singlet quenching) are based on Car-Chl interactions, which are induced by the pres-
ence of the protein. Car-Chl interaction studies in antenna complexes of higher plant
were performed only on LHCII and CP29, either using femtosecond spectroscopy (2530),
triplet-minus-singlet spectroscopy (3137), or steady-state spectroscopy (38,39). It was
shown that, out of the four Cars associated with LHCII, three are active in EET (12) and
two in triplet quenching (32). In vitro analysis of Lhc complexes has also suggested that
one of these xanthophylls is active in singlet quenching. Three dierent proposals have
been put forward: i), Lut in the L1 site of LHCII is responsible for quenching, via inter-
action with Chls 610/611/612 (40); ii), the quenchers are Car-Chl states, since electronic
interactions between Car S1 and Chls were shown to scale with the amount of NPQ (41);
and iii), the quencher is Zea located in the L2 site of the minor antenna complexes, via
the formation of a radical cation (42). More recently it has been shown that a radical
cation can be formed in CP29 and CP24 also on the Lut in the L2 site (43). As this
is never the case for LHCII and CP26, variations in the Car-Chl interactions within the
dierent complexes were suggested. This should not be the case for the L1 site, because
it was shown by steady-state spectroscopy that the domain composed of Lut L1 and Chls
611/612 is completely conserved in LHCII, CP29, and CP26, whereas it partially diers
only in CP24 (38), suggesting that if Lut acts as a quencher in LHCII it should have the
same eect at least in CP26 and CP29.
The excitation energy transfer studies on LHCII and CP29 show that in these two
complexes most of the energy is transferred from the S2 state of the Cars to Chls. In
LHCII, Lut in the L1 site transfers to low-energy Chls a (27,28,33) in <100 fs, whereas
Neo in the N1 site of LHCII was shown to transfer only to Chls b on a similar time scale
(27,28). Dierent results were obtained in the case of Lut in the L2 site of LHCII and for
Neo in the N1 site of CP29: in both cases Gradinaru et al. (27) reported only transfer
to Chls a, whereas Croce et al. (28,29) reported transfer also to Chls b. All these reports
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indicate 1520% of Car to Chl EET from the vibrationally hot S1 state of at least one
xanthophyll molecule.
The rather fast rate of EET from the Car hot S1 state to the Chl Qy state suggests
an electronic coupling between the two states. In case the two states become quantum-
mechanically mixed, the coupling would be large enough to inuence the excited-state
lifetime of Chls. Relatively subtle changes in the coupling strength may produce a strong
quencher, which was proposed to be at the basis of NPQ (44). Recently, Bode et al. (41)
showed a strong correlation between the intensity of the Car-Chl interactions in vivo and
the levels of NPQ, supporting the previous hypothesis.
This work integrates our previous study (45) describing the EET dynamics in CP26
and CP24 upon excitation of the Chls in the Qy region. CP26 was found to have Chl b
to Chl a EET dynamics similar to those of LHCII, although slightly faster (0.21 and 1.5
ps vs. 0.13, 0.6 and ∼3.3 ps). The intermediate state region (660670 nm) is reduced in
amplitude as compared to LHCII, but retains both fast (0.32 ps) and slow (3.515 ps)
dynamics. In CP24 two bands at 640 and 653654 nm absorb in the Chl b region; 86%
of Chl b transfer occurs in 0.61 ps to two Chls a bands at 670 and 675 nm. The 670
nm band, in particular, is strongly enhanced as compared to the other Lhc complexes; it
interacts with Chls b and completely decays n 35 ps to the lowest energy states. This
band, attributed to Chl a602 and/or a603, mediates energy migration to the lowest energy
states (Chls 611612).
In this work, we investigate Car to Chl energy transfer in CP26 and CP24. Fem-
tosecond transient absorption spectroscopy is employed to explore the Cars excited state
dynamics and the energy exchange between pigments.
MATERIALS AND METHODS
Sample preparation
The mature DNA sequences coding for CP24 (AT1G15820) and CP26 (AT4G10340) were
amplied from an Arabidopsis thaliana cDNA library by PCR using specic primers.
The amplied sequences were then cloned in a modied pET-28a(+) vector carrying a
minimum polylinker and overexpressed in the Rosetta2(DE3) strain of Escherichia coli.
The apoproteins were puried as inclusion bodies and the pigment-protein complexes were
reconstituted as in (10) using a mix of puried pigments extracted from spinach with a
Chls a/b ratio of 2.9 and Chls/Cars ratio of 2.7. The purication of the antenna complexes
from unfolded proteins and free pigments was performed as described in Passarini et al.
(22).
77 K steady-state absorption spectra and pigment content analysis
The 77 K absorption spectra were recorded using a Cary 4000 spectrophotometer (Varian,
Palo Alto, CA) at a Chl concentration of ∼6 µg/ml in 10 mM HEPES pH 7.5, 0.03%
β-DM, and 70% v/v glycerol. The pigment complement was determined as in (19).
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Transient absorption experiments
A description of the experimental setup, data analysis, and reconstitution procedure was
reported elsewhere (45). Briey, experiments were carried out in a 1 kHz pump-probe
setup with pump tuned at 506 or 490 nm and 57 nJ of excitation intensity. A liquid
nitrogen cryostat (Oxford DN-900, Oxford, UK) was used for 77 K experiments. The
preparations were contained in a 1 mm cuvette with OD ∼0.4/mm. The recorded time-
resolved data cover a 425710 nm spectral range with 1.2 nm resolution, and the maximum
time delay between pump and probe was 3.4 and 7.6 ns for CP26 and CP24, respectively.
The recorded data were analyzed with global and target analysis (46). Figs. 3.5 and 3.6
show the t of selected traces after tting. In global analysis an unbranched, sequential
model of n compartments (i.e., 1→ 2→ ... → n) is used. Each compartment is described
by an Evolution Associated Dierence Spectrum (EADS) that exponentially evolves into
the next with its associated lifetime (i.e., see g. 3.2: the rst EADS (EADS1) is present
after excitation and decays in 78 fs, EADS2 rises in 78 fs and decays in 1.2 ps, and so on).
The last component is given an innite decay, meaning that its decay is too slow to be
determined with the experimental time range. The estimated EADS represent a mixture
of excited states and, together with the lifetimes, describe the spectral evolution of the
pump-probe data.
Target analysis
To estimate the spectra of pure excited states, target analysis was performed on the
pump-probe data using the compartmental schemes (see g. 3.11, A and B (vide infra)).
Spectral assumptions on the species-associated dierence spectra (SADS) were necessary
to resolve the spectra (see gs. 3.9 and 3.10): 1), the spectra for Car S1 and hot S1
state have zero contribution in the Chl Qy region (above 650 and 640 nm, respectively)
and have equal spectra in the bleach (below 506/510 nm, in CP26/CP24). Without the
rst constraint the SADS become unrealistic in the Chl Qy region due to compensatory
eects. The equality of the bleach is an approximation of the Car S1 spectra found in
the global analysis; 2), the spectrum of Chl b compartments was zeroed in the Chl a Qy
region (above 662 nm); and 3), the spectra of the Chls a compartments (i.e., Chl a1, Chl
a2, and Chl a3) have equal Chl ESA up to 635/659 nm in CP26/CP24; 4), the Chl b
compartment has the same Chl ESA (in the 507632/511641 nm range in CP26/CP24)
as Chl a2 and a3. All assumptions were necessary to prevent mixing of dierent Car-Chl
or Chl b-Chl a dynamics leading to bad estimations of the kinetic rates.
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RESULTS
Absorption spectra and carotenoid excitation
The absorption spectra of CP24 and CP26 at 77 K are reported in g. 3.1 A. The second
derivative of the spectrum of CP26 in the Car absorption region (g. 3.1 B) shows a
single peak at 493 nm. This peak is likely to contain contributions of the two Luts
located in the L1 and L2 sites, whereas Neo in the N1 site is probably responsible for
the shoulder around 488 nm. At room temperature (RT) these Cars show absorption
maxima at 491, 494, and 488 nm, respectively (21,23). The fact that the absorption
spectra of the dierent xanthophylls associated with CP26 nearly coincide hinders selective
excitation of the dierent species. To study the Car to Chl energy transfer, we have
thus chosen to excite the sample at 506 nm, a region dominated by the Cars absorption
where the direct Chls excitation is strongly reduced (17,29). In the case of CP24, the
second derivative of the absorption spectrum shows two contributions at 498 and 503504
nm, which should correspond to the absorption maxima at 77 K of Lut-L1 and Vio-
L2 (22). The spectra of the xanthophylls largely overlap, making selective excitation
of the individual xanthophylls practically impossible. In the attempt to excite the two
xanthophylls in dierent ratio, we present two measurements on CP24 with excitation at
506 and 490 nm.
Figure 3.1: (A) OD spectra for CP26 (solid) and CP24 (dashed). (B) Second derivative of the
OD spectra in the 480510 nm range.
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Figure 3.2: Global analysis results (EADS and connecting lifetimes) of the pump-probe mea-
surements on CP26 at 77 K after 506 nm excitation. Notice the change in scaling of the x axis
at 620 nm.
Figure 3.3: Global analysis results (EADS and connecting lifetimes) of the pump-probe mea-
surements on CP24 at 77 K after 506 nm excitation. Notice the change in scaling of the x axis
at 620 nm.
Figure 3.4: Global analysis results (EADS and connecting lifetimes) of the pump-probe mea-
surements on CP24 at 77 K after 490 nm excitation. Notice the change in scaling of the x axis
at 620 nm.
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CP26 excited at 506 nm
The global analysis applied to the pump-probe data is shown in g. 3.2. The rst
component is dominated by the presence of excited Car S2 state(s), as most probably
only a small fraction of Chls is directly excited. The spectrum is composed of a negative
band (bleach/stimulated emission (SE)) at 500 nm, a shoulder at 470 nm, and pronounced
negative features at 533, 543, 589 nm. A positive band (due to excited state absorption
(ESA)) above 640 nm is present with superimposed Chl bleaching bands at 636, 654, and
675 nm. The rst evolution shows internal conversion to the vibrationally hot S1 states
plus EET to the Chls in 78 fs. A broad ESA typical of hot Car S1 states (4750) is
formed in the 505630 nm part of the spectrum. The Car bleach/SE features a decay
in amplitude of 77% and a blue shift to 495 nm of ∼5 nm; this shift and part of the
decay derive from the absence, in EADS2 compared to EADS1, of the SE part of the
∆OD signal originating from the Car S2 states. In the Qy the Chl b bleaching at 636 nm
decreases as compared to EADS1, and energy transfer is directed to the Chls a. The Chl
a increase indicates transfer to two Chl a populations at 674675 and 678679 nm.
EADS3 takes the place of EADS2 in 1.2 ps. In the 560 625 nm part of the spectrum
the narrowing of the Car ESA denotes vibrational relaxation of the Car hot S1 to the Car
S1 states. The Car bleach shows a reduction of 57% in area. Transfer from Chls b to Chls
a and a red shift of the Chl a bleach/SE from 676.6 to 677.8 nm is observed in the Qy
region.
The 15.0 ps lifetime is mainly determined by the evolution in the Car range, showing
the decay of the Car ESA below 630 nm. In this transition the Qy bleach shifts to 679.0
nm and EADS4 becomes positive below 671 nm, denoting the decay of blue Chls a.
EADS4 decays with 3.9 ns, and is attributed to the Chl a decay. The last component
is necessary to t the species appearing at late delay times in the ∼470550 nm region.
This EADS has the characteristic shape of the long-lived carotenoid triplet (CarT). The
peak at 509.2 nm and a bleach/SE at ∼496 nm can be attributed to the Lut triplet (32).
The hint of a shoulder at 520 nm suggests the presence of a second triplet form.
CP24 excited at 506 nm
For CP24 the global analysis of the 506 nm excitation data is shown in g. 3.3. The Car
bleaching in the initial EADS peaks at 504 nm, and peaks are present at 540, 549, and
598 nm. A small bleach/SE is present in the Chl b Qy region superimposed to an ESA
covering the Chl Qy region, together with a bleached Chl a band at 671 nm. Formation of
Car hot S1 parallels the population of Chls b (655 nm) and Chls a (671 nm) by the decay
of Car S2 states in 80 fs. In the following 0.52 ps transition Car S1 states appear, the Chl
b band decays almost completely and the Chls a display a broad bleach/SE peaking at
672.4 nm, composed of two bands at ∼671 and 677 nm. The third 3.3 ps lifetime describes
the equilibration of the Chls a at 670 nm with the low-energy Chl a forms.
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The 20.5 ps transition represents the decay of the residual Car S1 ESA, although a
better estimate is the 14.7 ps Car S1 lifetime found in the target analysis (vide infra).
Indeed, the same component (again 14.7 ps) is observed also by global analysis when only
the 490610 nm region of the spectrum is analyzed (g. 3.7). The 20.5 ps found is likely
the result of the presence of the 3.3 ps transition ascribed to the Chls, which is needed
for the description of the Qy region and yields a slow fourth lifetime in the order of 20 ps
in the Car region.
Figure 3.5: Pump probe traces (solid) and
t (dashed) of CP26 probed at selected wave-
lengths as indicated in the legend.
Figure 3.6: Pump probe traces (solid) and
t (dashed) of CP24 probed at selected wave-
lengths as indicated in the legend.
Figure 3.7: Global analysis results (EADS
and connecting lifetimes) of the pump-probe
measurements on CP26 at 77K after 506 nm
excitation. Only the 490-610 nm part of the
spectrum was included in the t.
Figure 3.8: Global analysis results (EADS
and connecting lifetimes) of the pump-probe
measurements on CP24 at 77K after 490 nm
excitation. Only the 490-610 nm part of the
spectrum was included in the t.
The fth 2.9 ns component shows the Chl a excited state decay. The last innite
component is needed to t the CarT rise: the spectrum has maxima and minima at
513/478 and 496/464 nm, respectively.
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CP24 excited at 490 nm
The global t for CP24 excited at 490 nm is shown in g. 3.4. The resulting analysis
resembles the one in g. 3.3; very similar lifetimes describe the Car internal conversion
processes (110 fs, 24.0 ps), Car vibrational relaxation and Chl b decay (540 fs) and decay
of the Chl a at 670 nm (3.6 ps). In the Qy region only a positive ESA signal is visible with
no clear Chl b or a bleaching. Except for a reduction of the S2 to Chl a pathway after 490
nm excitation (compare the relative amplitudes of Chls b with Chls a in the second EADS
for the two excitations), both CP24 datasets show analogous EET pathways from Car S2
to Chl b and to Chls a (mostly at 670 nm). This conrms that the dierent excitations
are only partially selective, i.e., both Lut-L1 and Vio-L2 are excited at 506 and 490 nm
albeit in dierent ratios.
Figure 3.9: Target analysis results (SADS) of the pump-probe measurements on CP26 at 77 K
after 506 nm excitation. Notice the change in scaling of the x axis at 620 nm.
Figure 3.10: Target analysis results (SADS) of the pump-probe measurements on CP24 at 77
K after 506 nm excitation. Notice the change in scaling of the x axis at 620 nm.
Target analysis of CP26
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Excitation of CP26 and CP24 in the Car region yields complex kinetics, which result from
several Car and Chl independent processes taking place concomitantly. Target analysis
was applied to the data of both complexes upon excitation at 506 nm to disentangle
contributions of dierent pigments and to obtain rate constants of dierent processes.
The proposed photophysical model (see g. 3.11, A and B) is shown in the form of
compartmental schemes. For CP26 (see g. 3.11 A) eight species are needed to describe
the data, where several spectral constraints enable resolving the dierent species (see
Materials and Methods). All spectral evolutions in the Qy region can be assigned to four
Chl compartments denoted with the tags Chl b, Chl a1, Chl a2, and Chl a3. Four SADS
associated with the Car S2, hot S1, S1, and CarT states were resolved; see g. 3.11 A for
the estimated rate constants. Branchings from Car S2, hot S1, and S1 states to Chl b,
Chl a1, and Chl a2 are needed for an optimal t and are discussed later (vide infra).
Figure 3.11: Compartmental scheme used in the target analysis and reciprocal of the rate
constants expressed in ps for CP26 (A) and CP24 (B). See Materials and Methods for the
spectral constraints used.
The SADS obtained from the target analysis are shown in g. 3.9. A lifetime of 0.89
ps was found for the Car hot S1 relaxation (the sum of the two transitions described by
the k4 and k5 rates, see g. 3.11 A), and optimization of the Car S1 decay rate led to
a 15.0 ps lifetime as in the global analysis. The Car S2 compartment decays to Car hot
S1 (30%), Chl a1 (60%). The remaining 10% transfer occurs to Chl b and is needed for
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an optimal t, although in g. 3.2 it is dicult to clearly resolve EET to the Chls b due
to the presence of an initial Chl b bleaching. The three Chl a spectra show a progressive
shift to longer wavelengths as a result of Chl intraband equilibration. Branching from the
Car hot S1 state to Chl a2 leads to ∼15% transfer of the hot Car excitation to the Chl
a2 compartment. The CarT SADS is substantially identical to the last EADS in the Car
region (g. 3.2).
Target analysis of CP24
Target analysis was applied to the CP24 506 nm data set of g. 3.3. The compartmental
scheme used (see g. 3.11 B) is the same as the one in g. 3.11 A. The 80 fs lifetime of
the Car S2 compartment (g. 3.10) conrms the one in the global analysis (g. 3.3), and
therefore the SADS nearly coincides with EADS1. From the S2 state, 30% and 25% of the
energy was transferred to Chls a and Chls b, respectively, whereas the other 30% ended
up in the hot S1 state. A 0.59 ps lifetime was found for the Car hot S1 state meaning
that the 0.52 ps lifetimes in the second transition of the global analysis is the result of
Car hot S1 dynamics. The Car S1 decay was tted with a 14.7 ps lifetime very similar
to CP26. The corresponding Car S1 SADS shows a pronounced ESA peak at 559 nm.
Between the four Chl components extracted in the Qy region, Chl a1 corresponds to the
Chl species at 670 nm. This component decays in 3.5 ps, in perfect agreement with our
previous study (45). To avoid artifacts in the SADS of Chl b originating from spectral and
temporal overlap of dierent species, assumptions were made about the spectral shape of
the SADS (see Materials and Methods). The last three SADS describe the decay of the
Chl Qy excitation (in 8.3 ps and 2.7 ns) and the rise of the CarT state.
DISCUSSION
Spectrum of the carotenoid S2 states
The rst EADS of g. 3.2 or SADS1 of g. 3.9 (CP26) include bands at 533, 543 nm,
and at 589 nm. Peaks in the same spectral region were found in solution at 77 K for Lut
(ca. 530, 570 nm), Vio (ca. 520, 560 nm) (50) and for Neo at room temperature (540 and
575 nm) (51,52). The EADS1 of CP24 shows peaks at 530, 542, and 588 nm after 506
nm excitation and at 518, 529, and 573 nm after 490 nm excitation (gs. 3.3 and 3.4).
The energy dierences with the bleaching of the bands lie in three dened ranges: 1110
1340, 15001620, and 29753110 cm
−1
, respectively. The bands in the rst two ranges
are similar to previously measured resonance stimulated Raman spectra of β-caroteine
(53) corresponding to the Car ν2 and ν1 bands of resonance Raman (54). The bands
between 2975 cm
−1
and 3110 cm
−1
are close to the stimulated Raman contribution of the
solvent, which in standard resonance is centered around 3400 cm
−1
for water and glycerol.
Therefore, the observed bands are likely due to resonance stimulated Raman scattering
of Cars and of the solvent.
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Notably, these bands and the ESA above 628 nm present analogies with the SE bands
at similar wavelengths shown in the 50 fs dierential transmission spectra of Cerullo,
Polli and co-workers (55,56). In those works however, these features were attributed to
an ultrafast decaying Sx state mediating S2 to S1 conversion.
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Transfer from the carotenoid S2 states
In the rst EADS of CP26 (g. 3.2) Chl b bleach is present at 637 and 651.5 nm. This can
be due to direct excitation, but could also originate from ultrafast Car to Chl b transfer
or strong Cars-Chl interactions. The presence of this Chl b bleaching makes it dicult to
estimate if EET to Chls b occurs during the rst transition, although in target analysis
a 10% transfer from the Car S2 to the Chl b compartments was found. This transfer, if
true, possibly originates from the small amount of Neo directly excited, as it was shown
that Neo in the N1 site of CP26 is located in proximity of Chls b (23).
In the Chl a Qy region of CP26, the Chl a increase indicates transfer to two Chl a
populations at 674675 and 678679 nm. The bluer Chls a form at 674675 nm is possibly
the Chl a602-a603 cluster, which interacts with Lut-L2 (21). The redder form at 678679
nm is close to the spectral position of the lowest energy state of CP26 (Chl a611-a612),
which is located very close to Lut-L1 (38).
For CP24 excited at 506 nm, a clear transfer from the Car S2 state to Chl b-650 nm
is observed in the rst transition, corresponding to 30% of the Car excitation. Another
25% is transferred to Chl a acceptors absorbing mainly at 670 nm. It has been proposed
for CP24 that Lut-L1 is close to Chls a, whereas Vio-L2 is close to both Chls types (22).
Thus, it is probable that the observed EET from S2 to the Chls b originates mainly from
excited Vio, indicating that the 490 nm excitation is partially selective for Vio.
Summarizing, transfer to Chls a occurs in CP26 to two Chl a populations: to the
lowest energy states at 678 679 nm and to a Chl a form at 674675 nm, which we
identify with Chl a612 and Chl a603, respectively. In CP24 after 506 nm excitation
the Chls a acceptors absorb at 670 nm, whereas a signicant amount of excitation is
transferred directly to Chls b.
The carotenoid S1 states
In this study, we are able to separate the vibrationally hot S1 states (47,48) from S2 and S1.
Car S1 spectra are an important reference for pump-probe studies on nonphotochemical
quenching, since the NPQ research community is debating over an energy dissipation
pathway involving the lower excited state of Lut (40,57) or excitonic Cars-Chls states
(41). The shape of the S1-Sn spectrum is thus important to be able to discriminate
between the involvement of a pure S1 state or of a mixing of the S1 state with a charge
transfer state.
Transfer from the carotenoid hot S1
In both CP26 and CP24, the decay of the hot S1 state takes place in parallel with EET
from Chls b to Chls a. In CP26, the Chl b decay was tted with a 0.73 ps lifetime
(g. 3.11 A), a compromise between the two 0.21 and 1.5 ps lifetimes found after direct
Qy excitation (45). During the second transition (g. 3.2) the Chl a bleaching doubles
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in area/amplitude, with a gain centered at 678679 nm. The balance in decayed Chl
b/gained Chl a areas reveals that the former is not sucient to explain the Chl a increase.
In fact, assuming a ratio of 0.650.7 between the extinction coecients of Chl b and Chl
a (58,59), we nd a 24.9 Chl b decay and a 36.4 Chl a gain. This supports EET from the
Car to the Chl a states. The possible donor is Lut-L1, as it is in contact with the Chls
a610-a611-a612 at low energies.
In the same way, the balance in area in CP24 excited at 506 nm shows an additional
transfer from hot S1 to the Chls a (7.1 Chl b decay and a 14.0 Chl a gain).
In CP24, the Chl b band decays in 0.95 ps (target analysis in g. 3.11 B), i.e., in a
transition that is not captured by the global analysis. This transition is mainly due to
the fast Chls b decay (lifetimes of 0.61 and 3.6 ps were found after Chl b excitation (45)),
indicating that transfer from Cars involves mainly one of the two Chl b clusters. Transfer
from the Chl b involves a Chl a population at 675 nm corresponding to the lowest energy
states of CP24 Chl a611-a612 (45).
In conclusion, our ndings suggest that in both complexes EET occurs from hot S1.
The carotenoid S1 states are not involved in energy transfer
In CP26, no signicant change in Chl a Qy bleaching occurs during the Car S1 decay and
negligible Chl b signal is present (third and fourth EADS, g. 3.2). Hence, this gives no
indications for Car S1 to Chl transfer. Also in the CP24 data sets the fourth 20.5/24.0
ps transitions show a small decay of the Chl Qy band. This indicates that also in CP24
the transfer from Car S1 states, if present, is negligible. The absence of transfer from Lut
S1 is conrmed by the fact that the S1 lifetimes observed in both complexes upon 506
nm excitation are similar to the Lut S1 lifetime in solution (19.7/15.6 ps at RT/77 K in
pyridine/EPA solution (50)). Regarding Vio in the L2 site of CP24, we nd no evidence
for a slower ∼30 ps component typical of Vio in solution (26.4/33.5 ps at RT/77 K (50)).
However, upon excitation at 490 nm we observed a relatively longer S1 lifetime than
upon 506 nm excitation. This 19.8 ps S1 decay (g. 3.8) might represent an intermediate
value from the S1 lifetimes of Lut and Vio, indicating possible photoselection of a larger
amount of Vio-L2 at 490 nm. The fact that the decay is still relatively short as compared
to solution can be due to the high transfer eciency of Vio-L2 from the S2 state leading
to a small population of the Vio S1 state, with the consequence that even upon 490 nm
excitation the S1 decay is dominated by Lut.
Lhc complexes compared
CP26 was shown to share several similarities with LHCII, in particular spectral properties,
EET dynamics, structural and pigment organization (19,45,60). In LHCII (27) and Lhcb1
(A. Marin, unpublished results) however, the Chl a forms at low energies are anked by
excited Chls a forming a distinct shoulder ∼710 nm o the peak. In LHCII, these
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Chls are populated directly from the carotenoid S2 state and they decay in 78 ps ((27);
A. Marin, unpublished results). This shoulder is not observed in the spectra of CP26
upon carotenoid excitation and it is also missing after excitation in the Qy region (45).
As discussed previously (45), it is likely that the absence of this form originates from
the functional disruption of the bottleneck states (Chls a604-b605) in CP26, which also
suggests that Chl 604 in LHCII is involved in the Car to Chl EET.
In CP26, EET from the Cars is mainly directed to Chls a (60%) and involves the low-
energy Chls (a611-a612) and Chls a at slightly higher energies (Chl a602-a603), which
interact with Lut-L1 and Lut-L2, respectively. The small amount of transfer to the Chls
b (maximum 10%) probably originates from Neo in the N1 site, which is the most blue-
shifted xanthophyll associated with CP26  maximum at 488 nm  and is probably
weakly excited at 506 nm.
CP24 is characterized by a distinct band at 670 nm decaying in 34 ps after Chl
excitation (45), and in 3.33.6 ps after being populated by the Cars. The fact that Car S2
states selectively populate this species and not Chls a at low energies is a unique behavior
of CP24 between the Photosystem II antennas. The 670 nm species was assigned to
Chl a602 and/or a603 on the helix B domain of the complex close to Vio-L2 (45). This
means that in CP24 no strong interactions are present between Lut-L1 and the low-energy
states, conrming that the domain formed by Lut-L1, Chls a611, and a612 has a dierent
pigment organization as compared to the other Lhc complexes (38). The transfer to Chls
b in 80 fs can be attributed to Vio-L2, because Lut-L1 was shown to have no Chls b at
short distance (22).
We have found no indication for transfer from Lut S1 in CP26, CP24, and Lhcb1 (A.
Marin, unpublished results), which suggests the Lut S1 energy levels is below the Chl a/b
Qy states. The same result was found by Polívka et al. with Vio and Zea in solution
(61) and in reconstituted LHCII (62). In CP29 transfer from S1 was found from Vio (29),
which has excited states at higher energies than Lut (63). From these considerations we
imply that in most LHCs Lut S1 state can potentially accept energy from Chls and act
as quencher.
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Flow of Excitation Energy in the
Cryptophyte Light-Harvesting Antenna
Phycocyanin 645
This chapter is based on the publication: Marin A., A. B. Doust, G. D. Scholes, K.
E. Wilk, P. M.G. Curmi, I.H.M. van Stokkum and R. van Grondelle. 2011. Flow of
excitation energy in the cryptophyte light-harvesting antenna phycocyanin 645. Biophys.
J. 101:1004-1013.
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ABSTRACT
We report a detailed description of the energy migration dynamics in the phycocyanin 645
(PC645) antenna complex from the photosynthetic alga Chroomonas CCMP270. Many
of the cryptophyceae are known to populate greater depths than most other algal fam-
ilies, having developed a 99.5% ecient light-harvesting system. In this study, we used
femtosecond time-resolved spectroscopy and global analysis to characterize the excited-
state dynamics of PC645. Several dierent pump colors were selected to excite dierent
fractions of the four phycobiliprotein pairs present in the complex. Measurements were
also performed at cryogenic temperature to enhance spectral resolution and selectively
promote downhill energy transfers. Upon excitation of the highest-energy bilins (dihydro-
biliverdins), energy is transferred from the core of the complex to the periphery within
0.82 ps. Four bilins (mesobiliverdin (MBV) A/B and phycocyanobilins (PCB) 158C/D),
which are responsible for the central band of the absorption spectrum, show concerted
spectral dynamics. These chromophores show a biphasic decay with lifetimes of 0.6 ps
(MBV) and 57 ps (PCB 158) to the lowest bilin pair (PCB 82C/D) absorbing around
650657 nm. Within this lifetime of several picoseconds, the excitations reach the PCB
82 bilins on the two poles at the smaller sides of PC645. A slow 4446 ps energy transfer
step to the lowest-energy PCB 82 bilin concludes the dynamics.
INTRODUCTION
Cryptomonads constitute a group of unicellular eukaryotes that populate both marine
and freshwater aquatic environments. These algae nd their natural habitat below sur-
face waters, possibly covered by other photosynthetic organisms. Most of these species are
photosynthetic and are named cryptophytes. Cryptophytes are endowed with a chloro-
plast, which is the evolutionary result of ingestion of a red alga as an endosymbiont (13).
As a consequence of their habitat, cryptophytes have adapted to absorb the low light
available in the blue-green range of the spectrum ltered through the water column and
to process photons with high eciency (4). This capacity is achieved through two types of
light-harvesting systems in the cryptophyte plastid: the Chlorophyll a/c2 complex inside
the thylakoid membranes, and the light-harvesting phycobiliprotein systems stacked in
the lumen (5,6). The interluminal antennae are organized as a quaternary αα′ββ het-
erodimeric structure (7,8). The dierent cryptophyte species dier in the composition of
their phycobilins, which are open-chain tetrapyrroles covalently bound to the protein (9).
The pigment-protein structures of the cryptophyte species Rhodomonas CS24 and
Chroomonas CCMP270 are known (8,10,11). The spectral properties of PC645 are de-
termined by four bilin pairs, with six bilins located in the two symmetric β-subunits
(dihydrobiliverdins 50/61 (DBV) and phycocyanobilins 158 and 82 (PCB 158 and 82), lo-
cated on the C and D helixes, respectively) and two bilins located in the quasi-symmetric
α/α′ subunits (mesobiliverdins 19 A and B (MBV)).
Chapter 4 69
Research on cryptophytes has been carried out since 1950 (for a review, see Hill and
Rowan (12)), leading to the assessment that each species contains only a single type
of phycobiliprotein. Experiments in the 1970s (13,14) grouped dierent types of chro-
mophores depending on the absorption wavelength. In PC645, Kobayashi et al. (15) and
Holzwarth et al. (16) found evidence for energy transfer between dierent pigment types
by detecting several picosecond components in pump-probe and uorescence experiments,
which was discussed in the framework of Jung et al.'s (17) chromophore coupling model.
Later, Malak and MacColl (18) studied PC645 with excitation at three wavelengths. An
energy transfer model was proposed in which the 585 and 624 nm species lead indepen-
dently to 650 nm emitting states in 2 and 15 ps, and a high-energy species transfers in 9
ps to the 585 nm species (18,19).
The discovery of the crystal structure of PC645 (11) enabled investigators to perform
quantum chemical calculations to elucidate the spectral positions of single bilin molecules
(11,20). Mirkovic et al. (20) reported that the chromophores that give rise to the highest-
energy band in the absorption spectrum of PC645, at 585 nm, are the DBVs, which are
characterized by strong mixing and an energy splitting of their eigenstates of about 640
cm
−1
. The MBV pair at 610622 nm and the four PCB bilins at 630 and 640 nm are next
on the energy scale. PCB 82 is attributed to the lowest-energy bilins responsible for the
uorescence emission at 662 nm.
Mirkovic et al. (20) also used several spectroscopic methods to study PC645. Emission
anisotropy provided evidence for one single emitting chromophore. The bands at 585 and
600 nm were assigned to the DBV and MBV, respectively. Single-wavelength, pump-
probe anisotropy traces were recorded at 585, 620, 645, and 664 nm. It was inferred
that excitation energy transfer (EET) from the high-energy species DBV to the MBV
and to PCB takes place in 0.6 and 12 ps, respectively, followed by relaxation to the red
PCB 82 states in ∼10 ps. The slowest 15.5 ps decay of the 664 nm anisotropy traces
was attributed to the nal PCB 82D to PCB 82C EET process, in contrast to quantum
chemical calculations that predicted an energy transfer time of 40 ps (20).
In a uorescence study on PC645 and intact Chroomonas cells (4), a 2 ps component
after 582 nm excitation was found to be due to fast relaxation within the complex. The
energy transfer between the two terminal PCB bilins was estimated to lie in the 1540
ps range, whereas a 45 ps component was found to describe the transfer from PC645
to the external Chlorophyll a/c2 complexes. Remarkably, in intact cells, only 0.5% of
the excitations was lost as uorescence, which was tted with a 1.38 ns component, in
agreement with previous studies (15,16,18).
Two-dimensional photon echo experiments (21) showed an anticorrelated behavior
of the crosspeaks corresponding to the DBV and MBV pigments. Therefore, quantum
coherence has been proposed to be present for more than 400 fs at physiological conditions.
Surprisingly, this eect is active not only between the two coupled DBV superposition
states but also between the weakly coupled DBV and MBV bilins. An energy separation
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of 600 cm
−1
was found between the two energy levels ascribed to the DBV dimer absorbing
at 567 and 588 nm. The absorption of the MBV species was found to be 400 cm
−1
red-
shifted from the lower DBV exciton (at 602 nm), i.e., blue-shifted as compared with the
results of Mirkovic et al. (20).
Huo and Coker (22) recently modeled EET and coherence in the rst 0.5 ps using
the coupling values of Collini et al. (21) and the site energies of Mirkovic et al. (20).
Starting from a coherent superposition of excited DBV bilins, excitation was shown to
preferentially ow through the MBV B-PCB 158 D side of the complex. At 0.5 ps, ∼70%
of excitation was still localized on the DBV pair and the rest mainly populated MBV B
(12%), PCB 158D (5%), and MBV A (5%). The calculation upon excitation of a single
MBV leads to fast depopulation of the MBV (4030% of excitation is left in 0.30.5 ps)
mainly to the closest PCB 158 (cf. g. 4.1), meaning that the two MBV bilins do not
exchange excitation. At odds with the slow tens-of-picoseconds energy hop between the
PCB 82 states found by Mirkovic et al. (20), these two red states form a resonantly
coupled dimer that is able to quickly delocalize excitation on both sites of the complex.
The modeling-based study on the PE545 protein complex (23) is also important in
relation to PC645 because the two species display a high structural homology (11). In
that particular study (23) spectroscopic data for PE545 were modeled using a modied
Redeld approach in combination with an improved CIS/6-31G method (11,24,25). It
was found that, although no pigment could be considered uncoupled from the others,
delocalization was low (1.11.2) as a result of the small amount of coupling compared
with the dierences in unperturbed site energies. A large (∼1000 cm−1) splitting between
the central DBV 50/61 exciton levels was proposed to contribute to the 545 nm band.
In contrast to Doust et al. (11), this splitting is supposed to originate not from strong
coupling but from a large dierence in the site energy of the two DBV chromophores. The
calculated dynamics in the site representation consist of a 0.18 ps decay of the highest-
energy central DBV pigment followed by transfer to the pigments contributing to the 567
nm band in 24 ps, and by a nal redistribution among the pigments in the red band
taking tens of picoseconds.(23)
In this study, we aimed to follow EET in PC645. It is important to provide further
spectroscopic evidence for the DBV exciton states, and to verify whether excitation energy
of these states simply cascades stepwise down the energy ladder to the MBV and PCB
158 bilins (20,22) or, as we propose in this study, the MBV are not populated by the
DBV. In addition, we will address the dierent assignments for the absorption of the
MBV pigments (610622 (20) or 602 nm (21)), and the discrepancy between calculations
and experiments on the lifetime of the nal equilibration between the PCB 82 bilins (20).
We performed extensive multicolor pump-probe measurements on isolated PC645 an-
tennae at room and cryogenic temperatures. To assign specic components to EET pro-
cesses between the bilins, we made use of simultaneous global analysis.
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Figure 4.1: Left: Structure of PC645 and labeling of the eight bilin chromophores. Right:
Absorption spectrum (see also g. 4.2), indicating the approximate absorption of the bilins.
Figure 4.2: Steady-state absorption spectra at dierent temperatures. The temperatures of
the ∼200 K and ∼100 K absorption spectra are indicative. The spectra at low temperatures
were normalized on the peak of the 77 K temperature spectrum at 653.7 nm. The RT spectrum
was adjusted to the peak of the ∼200 K spectrum at 584.4 nm. The low-temperature spectra
are nontransparent below 375 nm due to the absorption of the quartz cuvette (at ∼270 and 332
nm) and the glycerol solvent (at 270 nm) used at 77 K.
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MATERIALS AND METHODS
Sample preparation
PC645 was isolated from Chroomonas CCMP270 as explained by van der Weij-de Wit et
al. (4). For experiments at cryogenic temperatures, the PC645 preparation was diluted
in a solution of 60% glycerol and Hepes (10 mM, pH 7.5) and placed in a 1-mm path
cuvette inside an Oxford OptistatDN nitrogen bath cryostat for rapid freezing to 77 K.
Glycerol denatures PC645 within several minutes; therefore, the preparation was quickly
frozen to 77 K.
Pump-probe setup
Pump-probe experiments were carried out on two dierent setups. Low- temperature
measurements with a pump beam tuned at 585, 633, and 650 nm (see g. 4.4) were
recorded in a 1-kHz system as described previously (26). For these experiments, the
intensity of the pump was 4 nJ/pulse. The pump and probe beam diameters were 180
and 95 µm, respectively. By correcting the pump intensity by the ratio of the areas of
pump and probe beams, we obtained an eective excitation of 1.1 nJ/pulse or slightly
higher depending on the energy distribution on the laser spots. Time-gated spectra were
recorded at 256 wavelengths between 520 and 730 nm.
The 77 K data obtained at 565 and 601 nm excitation (see g. 4.9 and g. 4.10and
the room temperature (RT) data (see g. 4.3, g. 4.8, and g. 4.11) were measured
in a Mira-RegA femtosecond laser system. Pulses were produced by a titanium:sapphire
laser oscillator (MIRA seed; Coherent, Santa Clara, CA) and subsequently amplied by
a regenerative amplier (RegA 9058; Coherent). The output beam was split into two
branches: one that was focused on a sapphire plate generating a white light continuum
(probe beam), and one that was used to feed a noncollinear optical parametric amplier
NOPA (pump beam). The output pulse of the NOPA (OPA 9850; Coherent) was sent
to a variable delay line and overlapped with the probe beam at the place of the sample.
The probe light was detected by means of a dispersion system and a 15 or 76 diode array
detection system with 3.9 or 1.1 nm resolution, respectively. Time-gated spectra were
recorded either in ve windows of 15 wavelengths (see g. 4.3, g. 4.7, and g. 4.9) or
in two windows of 76 wavelengths (g. 4.8, g. 4.10, and g. 4.11). For the experiments
with the pump beam tuned at 582, 625, 648, and 662 nm, we used a pump pulse with ∼10
nJ intensity and with a bandwidth of ∼10 nm full width at half-maximum determined by
interference lters placed after the NOPA. The temporal width (standard deviation) of
the beam was ∼115 fs at the sample position, and the repetition rate was set to 150 kHz.
Except for the data shown in g. 4.11, the polarization of the pump laser beam was set
at the magic angle (54.7◦) with respect to the probe beam.
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Global Analysis
All data obtained at a certain temperature were tted together with the use of a global
analysis routine as described previously (27). Briey, global analysis is an algorithm
that ts all of the data with a number of consecutive exponential decays. The result
is a number of evolution associated dierence spectra (EADS) and decaying lifetimes.
Each EADS decays exponentially and is replaced by the next EADS (i.e., the rst EADS
decays with the rst lifetime, the second EADS rises and decays with the rst and second
lifetimes, respectively, etc.). The rst EADS represents the dierence spectrum at time
zero, and the fastest lifetimes that can be resolved depend on the temporal resolution of
the setup (∼100 fs, although one can extract lifetimes of ≥80 fs by deconvolving the data
with the pulse shape in global analysis (28)). The decay associated dierence spectra
(DADS) in g. S8, g. S9, and g. S10 of the online Supporting Materials of this
publication show the loss or gain in signal with a certain lifetime. The DADS are linear
combinations of the EADS, and vice versa. Thus, the lth EADS is a linear combination
of the lth and subsequent DADS. In particular, the rst EADS, which corresponds to the
time zero dierence spectrum, is the sum of all DADS. The nal EADS is proportional
to the nal DADS. A mathematical description of the relation between DADS and EADS
can be found in van Stokkum et al. (27) and in the Supporting Material of Toh et al.
(29). In the interpretation, EADS are most helpful when describing a cascade of energy
transfer processes. DADS allow us to zoom in on small dierences (e.g., small spectral
shifts) and aid in resolving parallel processes.
RESULTS
Absorption spectra
In g. 4.2 we show the steady-state absorption spectra of PC645 at dierent temperatures.
With a decrease in temperature, the spectra show a gradual sharpening and increase in
amplitude of the various bands. The maximum absorption wavelength shifts from 646.5
nm at RT to 654 nm at 77 K. A separate band at 634 nm becomes visible at 77 K that
was a shoulder in the RT spectrum. At higher energies, the narrowing is accompanied
by a blue shift of the band at 585 to 582.5 nm. Below 500 nm, the RT spectrum shows
bands at 234, 278, 340, and 370 nm.
The dierent excitation wavelengths in gs. 4.3 and 4.4 were chosen to sample dierent
bilins. Excitation at 582/585 nm corresponds to the DBV peak in the OD spectra. At
these wavelengths, one would expect the DBV bilins to be selectively excited; however, we
also detected the MBV and PCB 158 bilins (vide infra). A mixture of MBV and PCB 158
bilins absorbed at 625/633 nm, and the 648/650 nm excitation tuned to the absorption
peak at low energies mostly excited the reddest PCB 82 pair.
Global analysis
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In this section we describe the results of the RT and 77 K pump-probe on PC645. In
g. 4.5 and g. 4.6 typical ts of original pump-probe traces at dierent excitation and
detection wavelengths are plotted.
Excitation Temperature τ1 τ2 τ3 τ4 ∆RMS
400 nm RT 0.22 1.8 31 1100 1.0%
582 nm RT 0.6 5.7 43 930 3.5%
625 nm RT 0.83 7.1 55 1380 0.6%
648 nm RT 3.4 31 1140 1.0%
662 nm RT 0.7 42 1240 0.0%
565 nm 77K 0.99 6.7 50 1100 0.0%
601 nm 77 K 0.66 7.9 17 790 0.2%
585 nm 77 K 0.76 8.4 59 740 1.8%
633 nm 77 K 0.65 5.3 32 1310 0.1%
650 nm 77 K 0.17 27 1060 1.0%
Table 4.1: Estimated lifetimes (τ , expressed in ps−1) without linking of the third and fourth
lifetimes to 44/46 ps and 1.22/1.21 ns, respectively. The last column indicates the improvement
in the rms error of the t as compared to the ts with linked third and fourth lifetimes (cf gs.
4.3-4.4,4.7-4.10).
We used three or four components in the global analysis depending on the dataset.
For the datasets with excitation on the red edge (i.e., 648, 650, and 662 nm), three
components were sucient. However, the last two lifetimes of these individual analyses
were somewhat variable. The two nal lifetimes were estimated in the ranges of 1755
ps and 0.791.38 ns, due to uncertainty in the data. To obtain a better estimate of the
two lifetimes, we analyzed all datasets at the same temperature simultaneously and with
linking of the last two lifetimes. This model still allows the individual datasets to have
components with dierent spectral shapes. The analysis resulted in two common lifetimes
of 44 (46) ps and 1.22 (1.20) ns at RT (77 K). The rationale behind the linking of these
two lifetimes is that all excitations should reach the same acceptor pigments via EET. In
this case the nal state decays with 1.22/1.21 ns, and its precursor decays with ∼44/46
ps.
The estimated lifetimes without linking are presented in table 4.1. Linking of the
last two lifetimes resulted in only a very small increase in the root mean-square error of
the t (between 0 and 1% for eight of the 10 datasets, the 601 and 662 nm excitation
datasets showed a 1.8% and 3.5% increase mainly due to the last approximately nanosec-
ond lifetime). We accept this limitation of the simultaneous analyses to simplify their
presentation and interpretation.
Excitation at 582 nm, RT
The rst EADS in g. 4.3 A is composed of the bleached absorption of the DBV pair
directly excited at 582 nm accompanied by a broad asymmetric bleach between ∼610 and
663 nm. Excited-state absorption is observed for wavelengths longer than 663 nm. The
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second EADS shows the complete decay in 0.6 ps of the 582 nm band together with the
gain of excitation density between 630 and 674 nm, producing a broad negative band with
a peak at 650 nm. No signicant change takes place in the spectral region between 600
and 630 nm, where the MBV bilins absorb. At longer wavelengths the isobestic point is
shifted to 668 nm, which is caused by the increase in negative contributions to the signal
around 650 nm. The third EADS rises in 5.7 ps. The transition shows an overall decrease
in the signal below 640 nm concomitant with an increase at slightly lower energies (651
nm). Therefore, the 5.7 ps lifetime describes the complete decay of the bilins with energies
in the central (∼610630 nm) part of the spectrum and the population of the red states.
The nal 44 ps transition shows a small red shift of the bleaching accompanied by an
overall decrease in signal. Below 625 nm, the decay shows no spectral features, meaning
that excited states at higher energies completely decayed during the previous transitions.
Excitation at 585 nm, 77 K
In the rst EADS, a very pronounced initial bleaching appears at 585 nm (g. 4.4 A).
The spectrum also features a broad bleaching composed of two bands with peaks at 635
and 651 nm, respectively. Above 664 nm, a pronounced excited-state absorption (ESA)
band is present, very close to the isobestic point of the rst EADS at RT. The 0.63 ps
transition shows the decay of the high-energy bilins and the formation of bleaching at
655 nm. Concomitantly, a decay centered at 632 nm takes place and the ESA shifts to
longer wavelengths (to 669 nm) with no signicant change in amplitude. In the next 5.6
ps transition, the bleach narrows due to the loss of excited states below ∼650 nm and
the ESA shows a 15% drop in amplitude/area. The second DADS (cf. green DADS in
g. S8 of the online Supporting Materials) clearly shows that this transition features the
decay of a band peaking at 635650 nm into the PCB 82 at 662 nm, together with a small
further decrease around 585 nm. The nal spectral evolution takes place in 46 ps and
shows a decrease in population of the low-energy states . Although there is no red shift
of the absorption peak, a reshaping to lower energies has taken place due to the loss of a
bleach at 653655 nm.
Excitation at 625 nm, RT
The initial bleach/stimulated emission (SE) is composed of a main band at 645 nm and a
pronounced shoulder at ∼620 nm (g. 4.3 B). Clearly, excitation at 625 nm brings about
excitation of several bilin species (probably all species except for the DBV pair). The rise
in 0.81 ps of the second EADS shows an overall narrowing and red shift of the bleaching
to 651 nm. Decaying features are located at ∼620 and 630 nm. A second equilibration
step takes place in 6.6 ps. Apart from the overall loss of bleaching (20% in the whole
wavelength range), the spectral dierences between the second and third EADS consist
of a small red shift (of ∼1 nm) and a narrowing below 650 nm (at ∼628 nm). The fourth
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Figure 4.3: EADS from a global analysis of
PC645 excited at RT and 582 nm (A), 625 nm
(B), and 650 nm (C).
Figure 4.4: EADS from a global analysis of
PC645 excited at 77 K and 585 nm (A), 633
nm (B), and 648 nm (C).
EADS rises in 44 ps and exhibits a decay of signal centered at 652 nm corresponding to
the absorption of the red states. On this timescale, no red shift among the low-energy
states is present.
Excitation at 633 nm, 77 K
The rst EADS in g. 4.4 B initially shows a bleach composed of two bands at ∼640 and
650 nm. Similarly to the RT 625 nm dataset, two phases describe the equilibration to the
red states: in the faster 0.82 ps transition the decay is centered at 637 nm, whereas in the
second 5.5 ps transition it is centered at 643 nm . The positive band above 667 nm in the
rst three EADS shows only minor dierences in amplitude and shape, meaning that the
dierent chromophores involved have very similar ESA.
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Figure 4.5: Upper gure: Pump probe traces
and ts at RT after 582 nm excitation. Lower
gure: Pump probe traces and ts at RT after
625 nm excitation and after 648 nm excitation
(black).
Figure 4.6: Upper gure: Pump probe traces
and ts at 77 K after 585 nm excitation. Lower
gure: Pump probe traces and ts at 77 K af-
ter 633 nm excitation and after 650 nm exci-
tation (black).
Figure 4.7: EADS from a global analysis of
PC645 excited at 662 nm.
Figure 4.8: EADS from a global analysis of
PC645 excited at 400 nm. The measurements
were carried out at RT on the MIRA-RegA
system.
Excitation at 648 nm, RT
The spectra describe the progressive decay of the excited population in the red part of
the spectrum (g. 4.3 C). The rst 3.4 ps evolution shows an additional small red shift
from 651 to 653 nm due to intraband equilibration. The last two spectra are identical in
shape, showing no further spectral equilibration.
Excitation at 650 nm, 77 K
The 650 nm excitation dataset shows a gradual recovery and red shift of the bleach/SE
signal (g. 4.4 C). In the rst 3.6 ps transition, the decay in bleaching at 651 is accompa-
nied by a red shift of the main bleach from 656 to 657 nm. The second transition shows
a shift of the bleaching to 659 nm. The ESA around ∼680 nm undergoes a decay in
proportion with the bleach/SE.
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Figure 4.9: EADS from a global analysis of
PC645 excited at 565 nm. The measurements
were carried out at 77 K on the MIRA-RegA
system. The excitation energy was 7 nJ/pulse.
Figure 4.10: EADS from a global analysis
of PC645 excited at 601 nm. The measure-
ments were carried out at 77 K on the MIRA-
RegA system. The excitation energy was 5.4
nJ/pulse.
Figure 4.11: Pump-probe traces at parallel (blue lines) and perpendicular (red lines) orientation
of the pump and probe polarization and calculated anisotropy (black lines). The excitation and
detection wavelengths are indicated above each plot. Anisotropy was calculated as (parallel -
perpendicular)/(parallel + 2 perpendicular) and is not plotted before time zero where it is noisy.
The measurements were carried out at RT on the MIRA-RegA system. The excitation energy
was 3.4 nJ/pulse.
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Excitation at 662 nm, RT
We attempted to selectively excite the reddest PCB 82 state of PC645 (g. 4.7). The
EADS show a gradual shift in shape to the blue (around 653654 nm) in 0.7 and 44 ps.
No spectroscopic features attributable to DBVor MBV chromophores are present during
the two evolutions, excluding direct excitation of these pigments.
Excitation at 400 nm, RT
The rst EADS includes excited DBV bilins at 584 nm anked by a negative band up to
660 nm, and a small ESA band peaking at 671 nm (g. 4.8). The rst transition shows
the formation of a bleaching at 645650 nm upon decay of the DBV species. The decay
of the DBV bilins is completed in the next 2.2 ps transition. This lifetime lies between
the 0.8 ps decay found for the DBV species (cf. g. 4.3 A) and the slower picosecond
dynamics in the 630670 nm part of the spectrum.
DISCUSSION
In this work we used time-resolved absorption spectroscopy to study the pathways and
timescales of EET in the cryptophyte peripheral light-harvesting complex PE645. We
selected specic excitation wavelengths to investigate the EET pathway from each bilin
species. Excitation at 582/585 nm led to the population of several excited species. We
also attempted to extract a faster (<100 fs) initial component in the form of a pure DBV
spectrum peaking around 585 nm (result not shown). The result was unsatisfactory; in
particular, the spectral shapes and the balance between the areas of the decaying and
the product species were not reasonable. Therefore, in this section we present evidence
for the DBV exciton states and consider the initial spectra after excitation of the DBV
pair to elucidate the dierent spectral contributions. We then discuss the energy pathway
from the species present at time zero. Interestingly, in the central part of the spectrum we
nd relatively slow picosecond dynamics. Direct excitation of the MBV/PCB 158 pairs at
625/633 nm gives evidence for heterogeneous fast-slow dynamics in the absorption range
of the MBV and PCB 158 species. The 650 and 662 nm experiments provide a description
of the nal EET process between the reddest chromophores, as well as the uorescence
decay time. These experiments conrm that one single species is in the lowest-energy
state, despite of the quasi-symmetrical structure of the complex. A time constant of
44/46 ps (RT/77 K) is found for the EET hop between the two reddest PCB 82 bilins.
DBV dimer
The DBV excited-states decay can be considered complete within the subpicosecond life-
time (gs. 4.3 A and 4.4 A). In our data we cannot nd direct evidence for the internal
conversion transfer time between the DBV+ and DBV- excitonic states. After excitation
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of the higher exciton level, one would expect an ultrafast red shift of the SE signal super-
imposed on the bleach. The magnitude of the red shift depends on the exact energetic
positions of the two states, whereas the rate depends on the spatial overlap of the two
excitonic wave functions involved (20,21). Experiments with excitation at 565 nm failed
to reveal this phenomenon (cf. g. 4.9); however, the blue-shifted bleaching (at 582 nm
compared with 585 in g. 4.6 A) suggests that at 565 nm excitation, higher-energy DBV
pairs were photoselected. Although Malak and MacColl (18) hypothesized that the exci-
tonic relaxation process could take place in 2 ps, a more realistic estimate would be on
the order of <100 fs (vide infra) (30).
The presence of DBV excitonic states was conrmed in the polarized pump-probe exper-
iments shown in g. 4.11. This gure shows the parallel and perpendicular pump-probe
traces, together with the calculated anisotropy, after excitation on the blue (578 nm) and
red (590 nm) sides of the DBV absorption. We observe that the anisotropy has a dierent
sign at the two excitations, i.e., the amplitudes of the parallel traces are bigger than the
perpendicular ones after 590 nm but not after 578 nm excitation. This means that after
578 nm excitation, an ultrafast transition takes place involving strong depolarization and
rotation in the orientation of the dipole moment. This rotation is the result of exciton
relaxation DBV+ to DBV- when the upper one, DBVA, is photoselected at 578 nm excita-
tion. Exciton relaxation is unresolved with our temporal resolution because the negative
anisotropy in the 578 nm excitation traces is instantaneous in our data. Because we are
able to extract lifetimes of 80 fs (28), we consider this value as an upper estimate for this
relaxation process.
The DBV, MBV, and PCB 158 pairs are excited at 585 nm
Excitation of the DBV bilins at 582/585 nm at both temperatures leads to population of
similar bands in the 630650 nm range (rst EADS in gs. 4.3 A and 4.4 A). These bands
contain excited PCB 158 pigments, which were found to absorb around 630 nm (20,21).
The 582 nm experiment at RT likely includes contributions from the MBV species, which
in the 625 nm experiment (g. 4.3 B) are resolved at 620 and 628630 nm. At 77 K,
decaying features (0.63 ps) in the MBV region are present around 635 nm (between 625
and 645 nm). Therefore, it seems that at both RT and 77 K, excited MBV are present
with a signal above 618 and 625 nm, respectively.
On the other hand, the rst EADS at dierent temperatures (gs. 4.3 A and 4.4 A)
are quite dierent in the 600630 nm range, with a pronounced dip in bleaching/SE in
this region of the 77 K data. The greater amount of broadening at RT certainly has a role
in this dierence. We carried out separate experiments with excitation at 601 and 621
nm (the experiment at 621 nm is not shown) to investigate the possibility that excitation
at 633 nm is tuned too much to the red to excite the MBV species at 600635 nm. The
results after 601 nm excitation (g. 4.10) do not indicate any additional band between
Chapter 4 81
the DBV and ∼620 nm; in general, for the 601 nm experiment, the shape below 630 nm
of the rst and second EADS are similar to the 633 nm dataset.
In the 585 nm dataset, the species appearing in the central part of the spectrum (in the
620644 nm range) can be collectively associated with the band in the same spectral range
of the 77 K steady-state absorption spectrum (cf. g. 4.2). As noted in the Introduction,
the absorption of the MBV species at RT was assigned to 610622 nm (20) or 602 nm
(21). In g. 4.2 it appears that with a decrease in temperature, the 585 nm band in
the OD spectrum progressively shifts to lower energies (582 nm), and the shoulder at
621 nm fades away to contribute to the central band at 634 nm. In the 77 K spectrum
the dierence in width between the central 634 nm and the low-energy (654 nm) bands
suggests that the former is composed of more species (e.g., of both MBV and PCB 158).
Therefore, the absorption of MBV and PCB 158 at 77 K seems to congest the 620650
nm spectral range.
In conclusion, we propose that the rst EADS after DBV excitation are composed
of a superposition of DBV states at 582585 nm, of MBV at ∼618630/635 nm, and of
PCB 158 species at ∼642/650 nm at RT/77 K. We explain the spectral dierences in the
600630 nm range between RT and 77 K by band narrowing taking place with decreasing
temperature, in combination with a certain degree of red shifting of the MBV absorption.
The rst EADS in the 400 nm experiment (g. 4.8) shows a clear DBV spectrum
with a smaller contribution from species at lower energies (∼640 nm) than after 582 nm
excitation. However, the shape of the EADS above ∼610 nm suggests that bilins other
than the DBVs contribute to the spectrum. Therefore, it seems that also at 400 nm it is
not possible to obtain a pure DBV spectrum, because MBV and possibly PCB 158 bilins
are also excited. This could be due to the fact that at 400 nm, two bands (a peak at
370 nm and a shoulder at 415 nm; cf. OD spectrum in g. 4.2) contribute to the pump
absorption.
The origin of the MBV and PCB 158 excited states in the rst EADS after the 582/585
nm excitation is most probably direct excitation of vibronic sidebands. In fact, the
MBV/PCB 158 species in the rst spectrum after 633 nm excitation (g. 4.6 B) presents
appreciable background absorption at 585 nm. Shifting the excitation even further to
the blue (to 565 nm; see g. 4.9), where the pump absorption of the MBV pair is even
smaller, resulted in similar MBV/PCB 158 bands, meaning that excitation of MBV/PCB
158 is also unavoidable in that region.
Alternatively, it is possible that a large fraction of the MBV/PCB 158 band is popu-
lated via ultrafast (<100 fs) EET from the DBV. However, we consider this to be unrealis-
tic in view of the relatively weak couplings involved (21), which would be more consistent
with energy transfer times of ∼0.5 ps. Furthermore, if that were the case, it would be
dicult to explain why the PCB 82 (above 650 nm) are not populated. The DBV bilins
are in fact coupled more strongly to both MBV (543.9 cm
−1
) and PCB 82 (546.8/48.1
cm
−1
) than to PCB 158 (25.330.5 cm
−1
) (21).
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Energy pathway from the DBV dimer
The rst steps of the energy transfer pathway away from the bilins at high energies are
visible in both datasets with excitation at 582585 nm (gs. 4.3 A and 4.4 A). The
subpicosecond decay time can be assigned to the high-energy DBV pigments, because
at 77 K only a negligible fraction of excited DBV pigments seem to be present in the
second EADS. This is in very good agreement with the pump-probe traces collected by
Mirkovic et al. (20), who reported a 0.62 ps decay at RT after 582 nm excitation, and
with the 0.5 ps damping time for the DBV coherent oscillations estimated by Collini et
al. (21). The shift of the bleaching to 650/654 nm in 600/630 fs indicates that the PCB
82 species are populated, possibly together with PCB 158. To explain this behavior, we
may consider two dierent mechanisms: either the MBV and the central DBV species
transfer independently to the PCB 82, or an additional channel from the DBV via the
MBV pigments is active. We observe in the 77 K data that the overall decay above
∼610 nm is similar to the 0.82 ps phase in the 633 nm dataset (compare the evolution
with the second EADS in the two datasets in g. 4.4, A and B). Also, the traces at
634 nm after 585 and 633 nm excitation (g. 4.6, upper and lower blue traces) show an
almost identical decay. We therefore suggest that the MBV species undergo an intrinsic
subpicosecond decay with no contribution from the DBV. Also, at RT no gain in the MBV
region (600630 nm) is observed. Therefore, we observe direct transfer from the DBV to
the PCB states in only 0.6 ps. This conclusion is unexpected given the results of Mirkovic
et al. (20) and the earlier observation of electronic coherence involving DBV and MBV
(21) that implied EET between these chromophores.
Energy dynamics of MBV and PCB 158 species
After direct excitation in the central part of the spectrum at 625/633 nm excitation (gs.
4.3 B and 4.4 B), a heterogeneous decay in subpicosecond (0.60.8 ps) and picosecond (56
ps) phases is found. The 1.12 ps lifetime after 620 nm excitation reported by Mirkovic et
al. (20) appears to be an intermediate value in between the two shown in g. 4.4 B, and
indeed a similar 1.5 ps lifetime is obtained when the 625 nm dataset is tted with only
three components (not shown).
At both 585 and 633 nm excitation, the rst decay is blue- shifted as compared with
the second . This suggests that the decay of the MBV species takes place in the rst sub-
picosecond transition, showing a loss at ∼632/637 nm. The second 5.5/5.6 ps transition
concludes the decay of the central species and describes the relaxation of the redder PCB
158 species.
Similarly, the 625 nm dataset at RT shows a loss at 620630 nm in 0.81 ps, which
includes the absorption range of MBV. The decay in the 6.6 ps transition is now shifted
to shorter wavelengths, with a spectral feature at 628 nm. On the other hand, in the
582 nm dataset of g. 4.3 A, no evidence is found for a subpicosecond MBV decay, as
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no change is observed in the MBV range during the rst 0.6 ps decay of excited DBV.
It is possible that the broader bandwidths at RT obscure the MBV decay. Although we
do not have evidence for this, it is probable that excitations preferentially ow along one
side of the complex (i.e., through one MBV species), as shown in the models of PC645
(22) and PE545 (23).
The fact that we do not observe EET from MBV to PCB 158 (i.e., no increase in PCB
158 can be seen in the data) leads us to conclude that EET between these chromophores
is negligible. This result is somewhat surprising given the calculations of Huo and Coker
(22) predicting energy ow through the PCB 158 when the MBV are initially populated.
Final hop between the PCB 82 bilins
By using emission anisotropy and uorescence anisotropy, Mirkovic et al. (20) provided
strong evidence that a single emitter is present in the complex. The nal transfer hop
was proposed to take place from the PCB 82D to PCB 82C located at the short side
of the complex (11,20). We attribute the nal 44/46 ps component to this nal EET
process. Having the lowest-energy states on the smaller sides of the complex is an eective
physiological design to ensure ecient transfer between antenna complexes stacked in the
intramembrane space (5,6). The lifetimes found for the 648 and 662 nm dataset (see table
4.1 and g. 4.9-4.10) are consistent with the study by van der Weij-de Wit et al. (4). In
that study, a 45 ps lifetime was found for EET from PC645 to the membrane-associated
Chlorophyll a containing light-harvesting proteins, whereas a 1540 ps lifetime was found
to govern the nal hopping process within PC645 (4). In the study by Mirkovic et al. (20),
both the t for the 645 and 662 nm pump-probe traces and the theoretical results yielded
a 3644 ps lifetime, in agreement with our ndings. These authors, however, attributed
the slowest 15.5 ps lifetime in the t of anisotropy with excitation and probing at 662
nm to the nal transfer process. The dierences between the 648 and 662 nm excitation
datasets in our results occur in the spectral equilibration processes: the 648 nm dataset
shows in 3.4 ps a small loss of a PCB 82 band at 651 nm (and of PCB 158 at 640 nm),
whereas the 662 nm dataset equilibrates in 0.7 ps to the blue. Contrary to what was stated
by Mirkovic et al. (20), we nd no evidence for excited MVB or PCB 158 species after 662
nm excitation, although this may be due to the narrower pulse width in our experiments.
In brief, a nal 15 ps hop between the PCB 82 bilins cannot be reconciled with our (and
their) pump-probe magic-angle measurements at 645 and 662 nm, both of which indicate
a slower lifetime on the order of 40 ps. We note that the anisotropy measurements of
Mirkovic et al. were performed up to 100 ps, and the slowest nanosecond component of
the t was replaced with an oset. This might provide a possible explanation for the too
fast 15.5 ps component reported in their t. Moreover, van der Weij-de Wit et al. (4)
found a big spread in the estimates of their uorescence component (1540 ps).
All of the nal transitions consistently show a 3337% decay of the PCB 82 band area
(and amplitude) at RT, and 2939% at 77 K. In contrast, in the study by van der Weij-de
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Wit et al. (4), the transition attributed to the nal energy transfer step taking place
in 1540 ps shows small uorescence decay and rise components, implying a negligible
loss in uorescence. Therefore, in the absence of some quenching/annihilation, the only
possibility is that the ESA and bleaching in the nal spectra overlap dierently, leading
to compensating contributions in the nal spectra.
Figure 4.12: Model for energy transfer in PC645. The energy pathways (arrows) with cor-
responding lifetimes (bold text) at RT are indicated on the crystal structure of PC645 (see
Discussion).
Model for energy dynamics
The EET dynamics present in the data at 77 K are summarized schematically in g. 4.12.
Excitation at 582 nm leads to population of the DBV and to some extent the MBV and
PCB 158 bilins. The high-energy DBV pair dissipates the absorbed excitations in 630
fs to the PCB 158 and PCB 82 pairs. Electronic couplings between bilins were reported
by Collini et al. (21). For the DBV bilins, the interunit (e.g., DBV 50/61C-PCB 158C)
and intraunit (e.g., DBV 50/61C-PCB 158D) couplings are in the same range (20.329.0
and 25.330.5 cm
−1
, respectively). Therefore, the intraunit transfer with slightly stronger
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couplings can hardly be more favorable than the interunit one. More probably, energy
is transferred to both PCB 158 species in similar amounts. No energy pathway was
detected from the central DBV pigments to the MBV, which is surprising given the
nding of coherence between these states (21). In turn, the MBV pair, when directly
excited, decays in 0.8 ps to the lowest-energy bilins (PCB 82) but not to the PCB 158
ones. Within 5.6 ps the excitation is equilibrated on the PCB 82 pair absorbing at 651
nm. The nal energy transfer process is the 46 ps transfer from the PCB 82 pair.
The energy pathway likely assumes a more asymmetric structure, similar to what was
found in the PC645 (22) and PE545 (23) models. In particular, excitation on the central
pair in PE545 was shown to favor the population of one side of the complex. In PC645, it
is likely that the DBV central pair shows the same behavior, because the coupling between
the two central DBV bilins is strongest.
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Chapter 5
Intra- and inter-monomeric transfers in
the light harvesting LHCII complex:
the RedeldFörster picture
This chapter is based on the publication: Novoderezhkin V.I., A. Marin and R. van
Grondelle. 2011. Intra- and inter-monomeric transfers in the light harvesting LHCII
complex: the Redeld-Förster picture. Phys. Chem. Chem. Phys. 13(38):17093-103.
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ABSTRACT
We further develop the model of energy transfer in the LHCII trimer based on a quanti-
tative t of the linear spectra (including absorption (OD), linear dichroism (LD), circular
dichroism (CD), and uorescence (FL)) and transient absorption (TA) kinetics upon 650
nm and 662 nm excitation. The spectral shapes and relaxation/migration rates have been
calculated using the combined RedeldFörster approach capable of correctly describing
fast relaxation within strongly coupled chlorophyll (Chl) a and b clusters and slow mi-
gration between them. Within each monomeric subunit of the trimeric complex there is
fast (sub-ps) conversion from Chls b to Chls a at the stromal side accompanied by slow
(410 ps) equilibration between the stromal- and lumenal-side Chl a clusters in combina-
tion with slow (413 ps) population of Chls a from the `bottleneck' Chl a604 site. The
connection between monomeric subunits is determined by exciton coupling between the
stromal-side Chls b from the two adjacent subunits (Chl b601
′
-608-609 cluster) making
a simultaneous fast (sub-ps) population of the Chls a possible from both subunits. Fi-
nal equilibration occurs via slow (420 ps) migration between the Chl a clusters located
on dierent monomeric subunits. This migration includes up-hill transfers from the red-
most Chl a610-611-612 clusters located at the peripheral side in each subunit to the Chl
a602-603 dimers located at the inner side of the trimeric LHCII complex.
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INTRODUCTION
During the last years, study of energy-transfer in the major light-harvesting complex
LHCII from higher plants has attracted much eort (1,2). The structure of the trimeric
LHCII complex has been obtained at 2.72 Å (3) and later at 2.5 Å (4) resolution. The
14 chlorophylls (Chl) present in each monomeric subunit of LHCII were unambiguously
assigned to 8 Chls a and 6 Chls b. Fluorescence upconversion (5) and transient absorption
measurements (612) revealed fast Chl b → Chl a transfer with major components of
150300 and 600 fs together with minor ps components. Experiments with selective
excitation in the region between the absorption peaks of Chl b (650 nm) and Chl a (675
nm) provided strong evidence of long-lived excited states in this region (9,12,13). Thus,
the 661 nm excitation induced absorption changes in the 660670 nm region decaying with
time constants of 2.4 ps and 12 ps (9). Studies of intra-band transfers by photon echo
peak-shift (1416) revealed the co-existence of fast fs relaxation and slow ps migration
both within the Chl a and the Chl b bands. The co-existence of intra-band relaxation
channels faster than 100 fs in combination with slow ps migration has recently been
conrmed by 2D-photon echo studies (17,18).
In previous papers (2,19) we proposed the disordered-exciton model for a monomeric
subunit of the LHCII trimer, which allowed a simultaneous and quantitative t of the
linear spectra (including absorption (OD), linear dichroism (LD), and uorescence (FL)
spectra) and transient absorption (TA) kinetics using the modied Redeld approach.
The unknown site energies for the Chls were estimated from the t of the data. In addi-
tion, the value of the disorder (that determines the random shifts of the site energies due
to conformational motion) was also determined from the t. Recently we demonstrated
that the same disordered exciton model allows a quantitative explanation of the spectral
uctuations measured in a single LHCII complex (20). The model was further corrobo-
rated by measuring the energies of the 14 exciton levels in a 2D-photon echo experiment
(18). It was found that the energies of 11 levels agree with the model with an accuracy
of less than 30 cm
−1
, whereas the levels k = 68 (with predominant contribution of Chl
a604 and Chl a614 in notations of Liu et al. (3)) were shifted more signicantly with
respect to those estimated in ref. 19.
Recently, the disordered-exciton model for LHCII was updated by including the ex-
citonic interactions within the whole LHCII trimer (21). This allowed an explanation of
the circular dichroism (CD) spectrum (that was not possible to t using the monomeric
model). In addition, we obtained a better t of the TA kinetics upon 650 nm and 662
nm excitation reecting the Chl b → Chl a transfers and equilibration within the Chl a
band, respectively. On the other hand, the modelling revealed limitations of the pure Red-
eld theory that can produce overestimated rates for inter-monomeric transfers between
weakly coupled isoenergetic pigments from adjacent subunits. It was concluded that en-
ergy transfers in the trimeric LHCII complex should be better modelled by the combined
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RedeldFörster theory, where the intra-monomeric relaxation and inter-monomeric mi-
gration are described by the Redeld and Förster theories, respectively.
A more elaborated version of the RedeldFörster approach (including slow Förster-
type transfers both between and within monomeric subunits of the LHCII trimer) was
recently developed by Renger et al. (22) In this study the site energies of the Chls have
been calculated ab initio (23). These structure-based site energies allowed a reasonable
(qualitative) explanation of the spectra (23) and kinetics (22). Remarkably, most of the
calculated site energies agree with those obtained earlier from the t of the spectra (19).
Thus, the energetic conguration of the Chls a is essentially the same, including the
assignment of the red-most site (Chl a610) and the lowest sites in the Chl a602-603 and
a613-614 dimers. In the Chls b and intermediate regions the structure-based energies
dier from the t-based values by assigning a lower energy level to Chl a604 and Chl
b608 and a higher energy level to Chl b605 and b609. However, the authors have found
that this conguration fails to explain the slow components of the TA around 660 nm
(22). They concluded that further adjustment of the site energies is needed, i.e. moving
b605 back into the 660 nm region, or moving a604 back to the blue, or placing a613(614)
near 660 nm (22).
In this paper we further develop the RedeldFörster picture for the LHCII trimer
(capable of explaining slow components of the intra- and inter-monomeric transfers) based
on a quantitative t of the linear spectra (OD, LD, CD, and FL) and TA kinetics upon
650 nm and 662 nm excitation. As in our previous modelling the site energies are free
parameters that should be extracted from a simultaneous t of all the data.
The model
The LHCII trimer is a nice example of a system where dierent limiting cases of the energy
transfer (i.e. Redeld-type relaxation and Förster-type migration) occur simultaneously.
The intra-band transfers (i.e. transfers between pigments or clusters within the same
spectral region) can be calculated by modied Redeld or generalized Förster theories
depending on how big are the couplings M
nm
between the pigments n and m contributing
to the donor and acceptor states. If all the M
nm
values (where n and m number the sites
from dierent clusters) are small enough, i.e. M
nm
o M
cr
, (where M
cr
is some cut-o cou-
pling) then the transfer between the clusters can be described by the generalized Förster
theory. Otherwise, the Redeld approach should be used. The cuto coupling M
cr
corre-
sponds to the boundary below which the exciton delocalization is completely destroyed by
polaron eects. Note that even in a weakly coupled, quasi-isoenergetic aggregate excitonic
eects can be present. For example, in the bacterial LH2-B800 antenna the couplings of
M
nm
= 19 cm
−1
(or 1427 cm
−1
according to earlier estimations (24)) are still capable
of producing excitonic spectra (25) and electronic coherences in the TA kinetics (26) and
2D-photon echo responses (27). Thus, M
cr
should not exceed these values. In the present
modelling we suppose M
cr
= 15 cm
−1
for intra-band transfers.
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For the inter-band transfers corresponding to energy gaps ∆E  M
mn
the Redeld
and Förster theories give the same result, because in this case the localization induced
by non-equality of the site energies (included explicitly into the Redeld theory) is more
pronounced than polaron eects (not included into the Redeld approach). We have
demonstrated that the Redeld and Förster rates corresponding to the transfer between
two Chl molecules are numerically identical for ∆E > 5M
nm
(21). On the other hand, in
the case of transfer between clusters the generalized Förster theory can give underesti-
mated rates (21). For instance, the inter-band relaxation to a dark (optically forbidden)
exciton state can have zero rate according to generalized Förster formula. In the present
modelling we use the modied Redeld model for all the inter-band Chl b → Chl a
transfers within each monomeric subunit.
The interaction energies for the trimeric LHCII complex calculated in the dipoledipole
approximation are listed in table 5.1. We restrict to modelling of energy transfer within
the Qy band of Chls b and Chls a. The exciton structure of this band is calculated by
taking into account the mixing between the Qy transitions only, i.e. neglecting the mixing
of the Chls Qy transition with the Qx and Soret transitions of the neighboring Chls and
with the allowed and forbidden carotenoid transitions. In principle, such mixing can
perturb the Qy exciton band, but the induced changes in dipole moments and rotational
strengths are expected to be relatively small due to the big energy gap between the Qy
and higher allowed levels (Qx, Soret, and carotenoid S2 state). Note, however, that there
may be sizable mixing between the Qy and the forbidden S1 state of carotenoids (lying
close in energy). Recently Martiskainen et al. (37) have modeled the absorption spectrum
of LHCII by including the Qy, Qx, Soret and carotenoid S2 transitions. The inuence of
these transitions on LD and CD spectra has not been studied so far.
The complex consists of 42 Chls arranged in two parallel layers near the stromal and
lumenal surface of the membrane. Each of the three monomeric subunits contains a
group of three strongly coupled clusters at the stromal side (a602-603, a610-611-612, and
b608-609-601
′
), and a group of two clusters at the luminal side (a613-614 and a604-b605-
606-607). We use the notations of Liu et al. (3) Pigments from dierent subunits are
denoted as a602, a602
′
, a602
′′
, etc. Note that the b601
′
pigment from the second subunit
is strongly coupled to the b608-609 dimer from the rst subunit. In combination with a
small energy gap, this coupling produces a mixing between b601
′
and b608-609, that is
much stronger than the mixing of b601
′
with the nearest a602
′
and a611
′
sites from the
second subunit separated from b601
′
by a big energy gap. Therefore it is convenient to
consider the b608-609-601
′
cluster as a part of the rst subunit (and the clusters b608
′
-
609
′
-601
′′
and b608
′′
-609
′′
-601 as parts of the second and third subunit, respectively).
Thus, our `functional' subunits are slightly dierent from the `structural' subunits.
Altogether we have 6 groups of pigments (3 stromal and 3 lumenal). Energy transfers
between them are described by generalized Förster theory, whereas equilibration within
each group is described by the modied Redeld approach. Note however, that con-
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a602 a603 a610 a611 a612 b608 b609 b601
′
a613 a614 a604 b605 b606 b607
a602 0 38.11 -11.39 9.69 15.83 -5.84 -19.25 -0.35 -4.96 0.69 6.42 -0.71 5.60 7.13
a603 38.11 0 12.97 -2.70 -0.76 6.72 96.66 -0.71 2.68 -6.70 -3.28 1.13 -8.89 1.23
a610 -11.39 12.97 0 -24.96 23.10 61.97 3.86 -4.20 7.21 -1.55 -4.18 1.61 -3.28 -0.14
a611 9.69 -2.70 -24.96 0 126.92 4.35 4.30 -0.88 -6.15 4.55 -3.80 1.33 -2.52 -2.78
a612 15.83 -0.76 23.10 126.92 0 -1.08 -2.57 1.41 -0.47 -0.18 4.67 -2.85 3.10 3.07
b608 -5.84 6.72 61.97 4.35 -1.08 0 36.07 5.82 -2.01 1.30 -2.76 -5.13 -4.99 -4.43
b609 -19.25 96.66 3.86 4.30 -2.57 36.07 0 38.15 -2.92 2.33 -7.28 -0.77 -0.16 -11.99
b601
′
-0.35 -0.71 -4.20 -0.88 1.41 5.82 38.15 0 0.90 0.17 2.69 -2.26 2.72 0.30
a613 -4.96 2.68 7.21 -6.15 -0.47 -2.01 -2.92 0.90 0 -50.22 2.12 -1.40 1.47 2.20
a614 0.69 -6.70 -1.55 4.55 -0.18 1.30 2.33 0.17 -50.22 0 -3.42 0.37 -2.16 -3.25
a604 6.42 -3.28 -4.18 -3.80 4.67 -2.76 -7.28 2.69 2.12 -3.42 0 3.35 104.56 35.93
b605 -0.71 1.13 1.61 1.33 -2.85 -5.13 -0.77 -2.26 -1.40 0.37 3.35 0 29.71 -4.47
b606 5.60 -8.89 -3.28 -2.52 3.10 -4.99 -0.16 2.72 1.47 -2.16 104.56 29.71 0 59.38
b607 7.13 1.23 -0.14 -2.78 3.07 -4.43 -11.99 0.30 2.20 -3.25 35.93 -4.47 59.38 0
a602
′
1.11 8.14 2.95 0.55 -0.69 0.08 -10.66 49.64 -1.20 -0.86 -0.90 0.66 -0.82 0.53
a603
′
5.22 -6.53 -0.91 -1.21 1.29 -0.54 0.23 -5.89 -0.48 -0.91 2.56 -0.26 2.80 3.18
a610
′
0.76 -2.05 -0.68 -0.36 0.51 0.54 2.25 -5.95 0.07 -0.01 0.54 0.06 0.25 -0.20
a611
′
-0.51 -0.15 -1.13 -0.24 0.57 2.70 4.63 24.89 0.45 0.29 0.27 -0.32 -0.78 -0.85
a612
′
-0.51 2.40 1.14 0.42 -0.29 -0.61 -3.19 9.13 -0.66 -0.07 -0.67 0.48 -0.36 -0.43
b608
′
-1.15 1.32 0.50 0.44 -0.11 0.40 -0.23 2.78 -0.17 0.38 -0.71 0.22 -0.67 -0.66
b609
′
-2.33 2.33 0.68 0.71 -0.41 0.42 -0.34 3.79 -0.17 0.43 -1.05 0.18 -0.99 -0.94
b601
′′
0.22 -1.45 -0.34 -0.09 0.35 0.46 0.89 -0.43 0.23 0.73 -0.25 0.16 -0.34 -0.59
a613
′
-0.44 -4.36 -1.19 0.22 -0.93 0.38 5.24 -10.79 2.00 0.97 -1.08 -0.97 -0.89 8.18
a614
′
-2.51 4.15 0.70 0.81 -0.76 0.74 -4.57 3.59 0.49 1.11 -3.91 3.43 -5.63 0.73
a604
′
1.15 -0.50 -0.19 -0.30 -0.01 -0.59 -0.26 -2.51 -0.25 -0.68 0.87 -0.49 1.07 1.34
b605
′
-0.34 0.50 0.22 0.17 -0.04 0.04 -0.23 0.77 -0.22 0.12 -0.29 0.07 -0.20 -0.20
b606
′
1.17 -0.41 -0.23 -0.36 0.10 -0.41 -0.12 -1.87 -0.23 -0.66 0.80 -0.24 0.82 0.88
b607
′
1.82 -0.97 -0.43 -0.56 0.20 -0.47 -0.00 -2.49 0.22 -0.68 1.21 -0.34 1.20 1.51
a602
′′
1.11 5.22 0.76 -0.51 -0.51 -1.15 -2.33 0.22 -0.44 -2.51 1.15 -0.34 1.17 1.82
a603
′′
8.14 -6.53 -2.05 -0.15 2.40 1.32 2.33 -1.45 -4.36 4.15 -0.50 0.50 -0.41 -0.97
a610
′′
2.95 -0.91 -0.68 -1.13 1.14 0.50 0.68 -0.34 -1.19 0.70 -0.19 0.22 -0.23 -0.43
a611
′′
0.55 -1.21 -0.36 -0.24 0.42 0.44 0.71 -0.09 0.22 0.81 -0.30 0.17 -0.36 -0.56
a612
′′
-0.69 1.29 0.51 0.57 -0.29 -0.11 -0.41 0.35 -0.93 -0.76 -0.01 -0.04 0.10 0.20
b608
′′
0.08 -0.54 0.54 2.70 -0.61 0.40 0.42 0.46 0.38 0.74 -0.59 0.04 -0.41 -0.47
b609
′′
-10.66 0.23 2.25 4.63 -3.19 -0.23 -0.34 0.89 5.24 -4.57 -0.26 -0.23 -0.12 -0.00
b601 49.64 -5.89 -5.95 24.89 9.13 2.78 3.79 -0.43 -10.79 3.59 -2.51 0.77 -1.87 -2.49
a613
′′
-1.20 -0.48 0.07 0.45 -0.66 -0.17 -0.17 0.23 2.00 0.49 -0.25 -0.22 -0.23 0.22
a614
′′
-0.86 -0.91 -0.01 0.29 -0.07 0.38 0.43 0.73 0.97 1.11 -0.68 0.12 -0.66 -0.68
a604
′′
-0.90 2.56 0.54 0.27 -0.67 -0.71 -1.05 -0.25 -1.08 -3.91 0.87 -0.29 0.80 1.21
b605
′′
0.66 -0.26 0.06 -0.32 0.48 0.22 0.18 0.16 -0.97 3.43 -0.49 0.07 -0.24 -0.34
b606
′′
-0.82 2.80 0.25 -0.78 -0.36 -0.67 -0.99 -0.34 -0.89 -5.63 1.07 -0.20 0.82 1.20
b607
′′
0.53 3.18 -0.20 -0.85 -0.43 -0.66 -0.94 -0.59 8.18 0.73 1.34 -0.20 0.88 1.51
Table 5.1: Interaction energies Mnm (cm
−1
) for the trimeric LHCII complex, calculated in the
point-dipole approximation using the structural data of Liu et al. (2004). The eective transition
dipoles for Chl a and Chl b are taken to be 4 and 3.4 debye, respectively.
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sidering the whole stromal group as one excitonically coupled system is a questionable
point. The biggest pigmentpigment interaction between the a602-603 and a610-611-612
clusters is 15.8 cm
−1
, i.e. it only slightly exceeds the cuto value. We formally use the
Redeld theory, but one should bear in mind that this case actually corresponds to some
intermediate situation between the Redeld and Förster limits. Thus, one could expect
that the calculated Redeld and Förster rates will be overestimated and underestimated,
respectively. Moreover, the accuracy of both estimations can be strongly dependent on
the realization of the disorder (we will come back to this issue in the Discussion section).
Another point is the application of the Redeld theory to the whole lumenal group
containing the a613-614 and a604-b605-606-607 clusters. Coupling between them is very
weak, so the Redeld approach would only be valid if the energy gap between the a613-
614 levels and a604 site is suciently large. Generally this is not the case, but in the
model presented here the a604 pigment is strongly shifted to the blue, i.e. into the region
between the Chl a and b peaks. Thus, the lowest exciton states of the a604-b605-606-607
are still far from the a-region and therefore the transfers from these states to the a613-614
dimer can be treated as inter-band transfer and can be described by the modied Redeld
theory.
Expressions for calculating the Redeld and Förster rates in terms of line-broadening
function related to the exciton-phonon spectral density are given elsewhere (21,28). The
spectral density is the same as in our previous modelling (19), as well as other parameters,
i.e. the disorder value, eective transition dipoles for single- and double-excited molecular
levels. The TA responses have been calculated using the doorway-window approximation
(29), supposing a 120 fs (FWHM) pulse duration. The site energies have been determined
using an evolutionary algorithm based on a simultaneous t of the steady-state OD, LD,
CD, and FL spectra together with the TA spectra at 070 ps delays upon 650 and 662
nm excitation. All the kinetics and transfer rates have been calculated at 77 K.
Simultaneous t of spectra and kinetics
A simultaneous t of the four steady-state spectra and the TA proles upon 650 and 662
nm excitation is shown in g. 5.1. The site energies extracted from the t are given
in table 5.2 where they are compared with the site energies emerging from our previous
models, i.e. the monomeric model19 and the trimeric model (21) based on the pure
Redeld theory. Interestingly, the site energies of the present Redeld Förster picture
are very close to the monomeric Redeld model, but deviate more signicantly from the
trimeric Redeld model.
We note that some important details of the linear spectra (especially the LD prole in
the 650670 nm region and the 630660 nm region of the CD) can be better reproduced
using the trimeric Redeld model including all the excitonic interactions (21). However,
in order to avoid the Redeld artefacts in the present study we ignore exciton couplings of
less than Mcr = 15 cm
−1
. In particular, we neglect the coupling between the stromal and
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Figure 5.1: Simultaneous t of the 77 K OD, LD, CD, FL spectra for the LHCII trimer together
with the TA proles upon 650 and 662 nm excitation. Experimental data (red points) include OD
and LD spectra (30), CD spectrum (31), FL prole (32), and magic angle TA spectra (33). The
pump wavelengths for the 650 nm set (middle row) and 662 nm set (bottom row) are indicated
by vertical pink arrows. Delays are indicated on each frame. Modeling (blue lines) has been
done using the combined RedeldFörster approach and the disordered exciton model for the
whole trimer (see text). The unperturbed site energies are supposed to be the same for each of
the three monomeric subunits and have been determined from the data tting. The measured
and calculated spectra are normalized to their maximal absolute value.
Figure 5.2: Time constants of relaxation between the exciton levels kj
i
of the Chl a and Chl
b clusters within one monomeric subunit of the trimeric LHCII complex. Arrows indicate the
fastest relaxation channels (slow 1050 ps channels of inter-cluster migration are not shownsee
the text). The numbers near arrows show the time constants, equal to the inverse average rates
(shown in table 5.3.The 800 fs* value near the k31 → k23 arrow corresponds to a total rate of
the k31 → k21, k22, k23 transfers (that have comparable rates). The vertical positions of the
levels correspond to the energies of the kji states averaged over disorder. A vertical bar of 200
cm
−1
is shown as a reference. Participations of certain pigments in the exciton states are shown
by ellipses with the area proportional to the square of the wavefunction amplitude averaged over
disorder. The colors of the pigments are the same as in the energy transfer schemes of gs.
5.35.5. Labeling of the pigments is from Liu et al. (3)
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Site energies* Site energies** Site energies*** Site energies****
a602 15160 15103 15087 15157
a603 15283 15222 15222 15287
a610 15073 15038 15038 15073
a611 15115 15100 15100 15112
a612 15097 15082 15082 15094
b608 15763 15728 15689 15761
b609 15721 15686 15597 15721
b601' 15890 15854 15849 15889
a613 15175 15140 15150 15174
a614 15264 15249 15249 15260
a604 15460 15410 15310 15460
b605 15679 15674 15681 15679
b606 15851 15796 15745 15850
b607 15712 15677 15635 15714
Table 5.2: The site energies (cm
−1
) determined in our previous models and in the present study.
The energies correspond to purely electronic transitions, i.e. do not include a reorganization
energy shift.
*) monomeric model, modied Redeld, tting of OD/LD/FL and TA (ref. 19) **) trimeric
model, modied Redeld tting of OD/LD/FL only (ref. 19) ***) trimeric model, modied
Redeld, tting of OD/LD/FL/CD and TA (ref. 21). ****) trimeric model, modied Redeld-
generalized Förster model with coupling cuto 15 cm
−1
, tting of OD/LD/FL/CD and TA
(present work).
lumenal Chl b-clusters, including the b607-b609 coupling of about 12 cm
−1
. As a result
we destroy the CD quality in the b-region and LD quality in the b- and intermediate
regions as shown in g. 5.1.
The t of the TA kinetics is good both for the trimeric Redeld (21) and Red-
eldFörster models (this study). The isotropic (magic angle) TA kinetics are determined
mostly by the inter-band transfers and, therefore, they are not that sensitive to break-
ing the coupling responsible for intra-band transfers (for example transfers between the
monomeric sub-units involving isoenergetic states).
Relaxation rates
Knowledge of the site energies allows the calculation of all the relaxation/migration rates
in the complex. However, random shifts of the site energies, due to disorder, produce
a big spread of the transfer rates between any pair of exciton levels. In the ensemble
nonlinear response one can detect only an average position of each of the levels and average
transfer rates between them. For example, from the 2D-photon echo (18) it is possible
to visualize the exciton levels of the monomeric subunit (from k = 1 to 14 in increasing
order of energy) and extract the transfer rates between them (averaged over disorder).
Unfortunately, in dierent realizations of the disorder these levels are generally determined
by contributions from dierent pigments. For example, the lowest level is mostly localized
at a610, whereas the second level can be determined by the second exciton level of the
a610-611-612 trimer or by the lowest exciton state of the a602-603 dimer (depending on
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Figure 5.3: Inter-monomeric transfers within the stromal-side layer of the LHCII trimer. Left:
labeling of the pigments that is the same as in the original work of Liu et al. (3), but we use
notations like a603, a603
′
, a603
′′
instead of a603(1), a603(2), a603(3) to distinguish between
the pigments from dierent monomeric subunits (each of the three subumits is encircled). Chls
are represented by three atoms: the central magnesium atom (red, pink, or blue; notice that
the colors are the same as in g. 5.2) and two nitrogen atoms NB and ND (black) that dene
the directions of the Qy transition dipole. Right: main pathways of energy transfer from the
b608-609-601
′
cluster (implying initial excitation of the highest k32 state with a predominant
contribution of b608), including intra-cluster relaxation (blue arrows), transfers to the Chl a
clusters of the two nearest subunits (red arrows), and inter-monomeric transfers in the Chl a-
region starting from the a602-603 dimer (magenta arrows). The time constants are obtained
using table 5.3
.
Figure 5.4: Inter- and intra-monomeric transfers within the lumenal-side layer of the LHCII
trimer. The arrangment of pigments corresponds to the view from the stromal side (as in g.
5.3), but the stromal-side layer (which is above the lumenal one) is not shown. The colors of the
magnesium atom (cian, green, or orange) correspond to the colors in g. 5.2. Left: labeling of
the pigments (each of the three subumits is encircled). Right: main inter-monomeric pathways of
energy transfer from the a604-b605-606-607 cluster (implying initial excitation of the blue-most
k64 state with a predominant contribution of b606), including fast intra-cluster relaxation (light
blue arrows), slower migration between the intermediate long-lived a604 and b605 sites (green
arrow), migration from the `bottleneck' a604 site (also shown by green arrows), and transfers
between the Chl a clusters (orange arrows).
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the disorder-induced shift of the corresponding site energies). Thus, the disorder-averaged
k = 2 → 1 relaxation will contain a mix of at least two dierent channels. This means
that in general it is impossible to unambiguously assign the apparent (measured) time
components to any particular pathway.
In the present study we have analyzed the participation of each of the sites to the
exciton states of a monomeric subunit for each realization of the disorder. We found
that in one realization each of the exciton levels (k = 1 to 14) is determined by the
predominant contribution from some strongly coupled cluster (Chl a/b dimer, trimer, or
tetramer). For example, suppose we denote the lowest and higher exciton level of the
a602-603 dimer as k11 and k12, respectively; the three exciton levels of the a610-611-612
trimer are denoted as k21, k22, and k23, respectively; etc. (see table 5.3). Now, in dierent
realizations of the disorder these kj i states will correspond to dierent k -states. However
in every realization we can identify them and determine their parameters (for example
the rate of the k11 → k21 relaxation and the energies of these states). In this way we can
calculate the relaxation rate via a particular (specied) pathway averaged over disorder.
The results are shown in table 5.3 where we listed (i) the energies of the kji states averaged
over disorder, (ii) the disorder-averaged participation of the pigments in the kji states, and
(iii) the transfer rates between all the kji states of the trimeric LHCII complex (i.e. the
rates of the pathways connecting xed pigments or clusters) also averaged over disorder.
Note that the averaged energies of the kji states are generally dierent from the energies
of the k -states (reecting an ensemble-averaging of the kji states from dierent clusters).
Statistics of the kji states can only be obtained from the single-molecule data, whereas in
any bulk experiment (for example pumpprobe or 2D-echo) only the mixed k -states are
visualized.
Intra-monomeric transfers
Using the information from table 5.3 we can build a scheme of energy transfer within one
monomeric subunit shown in g. 5.2.
At the stromal side there is very fast (50 fs) relaxation within the a610-611-612 and
b608-609-601
′
trimers, slower (425 fs) relaxation within the a602-603 dimer, and sub-ps
(300-800 fs) transfers between these clusters, including fast enough b → a conversion
(with the fastest channel of 290 fs).
At the lumenal side there is fast (100200 fs) relaxation within the a613-614 and
a604-b605-606-607 clusters. This relaxation within a604-b605-606-607 produces quick
localization at the `bottleneck' sites, i.e. the relatively long-lived b605 and the even more
long-lived a604 site. The relaxation from b605 to a604 is slow (3.6 ps), but still much
faster than the transfers from b605 to other sites. Thus, the real `bottleneck' is a604. The
transfer from a604 to the a613-614 cluster is very slow (k61 → k51, k52 channels with an
eective 33 ps time constant).
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Exciton states
k11 k12 k21 k22 k23 k31 k32 k41 k51 k52 k61 k62 k63 k64
Energies of the zero-phponon transitions (cm
−1
)
14807 14927 14716 14769 15009 15293 15399 15340 14779 14919 14968 15147 15251 15430
Square of wavefunction showing participation of the pigments in the exciton states
a602 0.7382 0.1471 0.0163 0.0550 0.0431 0.0001 0.0003 0.0001
a603 0.1434 0.7475 0.0057 0.0076 0.0512 0.0299 0.0124 0.0023
a610 0.0625 0.0167 0.5874 0.3229 0.0024 0.0025 0.0053 0.0002
a611 0.0223 0.0273 0.1801 0.2833 0.4869 0.0000 0.0000 0.0000
a612 0.0243 0.0277 0.2058 0.3281 0.4142 0.0000 0.0000 0.0000
b608 0.0009 0.0002 0.0045 0.0026 0.0000 0.3419 0.6086 0.0413
b609 0.0085 0.0334 0.0003 0.0004 0.0023 0.5972 0.2726 0.0854
b601
′
0.0000 0.0002 0.0000 0.0000 0.0000 0.0283 0.1008 0.8707
a613 0.8009 0.1989 0.0002 0.0000 0.0000 0.0000
a614 0.1991 0.7998 0.0010 0.0000 0.0000 0.0000
a604 0.0000 0.0013 0.8555 0.0829 0.0017 0.0586
b605 0.0000 0.0000 0.0826 0.7069 0.1942 0.0163
b606 0.0000 0.0000 0.0524 0.0386 0.1046 0.8043
b607 0.0000 0.0001 0.0082 0.1715 0.6995 0.1208
Rates of the transfers k→k within rst subunit (ps
−1
)
k11 -3.0265 2.3558 0.1740 1.0507 0.7764 1.4008 0.6064 0.0820 0.0210 0.0430 0.0173 0.0053 0.0044 0.0317
k12 1.0917 -8.4372 0.0462 0.8965 3.0699 3.4307 1.1430 0.3136 0.0032 0.0573 0.0056 0.0111 0.0294 0.0071
k21 0.4075 1.1924 -14.2057 20.3978 12.0034 0.3551 0.6494 0.0349 0.0340 0.0169 0.0073 0.0033 0.0019 0.0039
k22 1.4234 2.4231 13.8996 -22.5313 19.6381 0.3037 0.4491 0.0235 0.0116 0.0163 0.0162 0.0066 0.0026 0.0090
k23 0.0928 2.3586 0.0859 0.1858 -35.5873 0.5983 0.1270 0.0171 0.0006 0.0440 0.0016 0.0031 0.0033 0.0046
k31 0.0109 0.1061 0.0001 0.0005 0.0991 -11.7482 17.7385 1.3241 0.0000 0.0000 0.0004 0.0098 0.0338 0.0150
k32 0.0001 0.0007 0.0000 0.0001 0.0004 4.9438 -30.2328 8.9487 0.0000 0.0000 0.0000 0.0034 0.0102 0.1340
k41 0.0000 0.0004 0.0000 0.0000 0.0002 0.7157 9.5194 -10.7438 0.0000 0.0000 0.0000 0.0027 0.0063 0.0039
k51 0.0269 0.0075 0.0211 0.0150 0.0119 0.0005 0.0008 0.0001 -0.6474 6.4814 0.0092 0.0009 0.0005 0.0008
k52 0.0190 0.0533 0.0010 0.0045 0.0942 0.0003 0.0017 0.0002 0.6462 -6.4948 0.0211 0.0042 0.0071 0.0123
k61 0.0036 0.0041 0.0003 0.0009 0.0029 0.0138 0.0119 0.0010 0.0012 0.0123 -0.1146 0.2728 1.2577 7.5684
k62 0.0003 0.0017 0.0000 0.0001 0.0015 0.0167 0.0143 0.0089 0.0000 0.0010 0.0410 -6.6458 7.1124 5.8314
k63 0.0000 0.0012 0.0000 0.0000 0.0008 0.0427 0.0385 0.0129 0.0000 0.0001 0.0410 5.8850 -9.8854 7.9379
k64 0.0000 0.0000 0.0000 0.0000 0.0000 0.0021 0.1185 0.0058 0.0000 0.0000 0.0023 0.4828 1.5077 -21.3508
Rates of the transfers k→k
′
from the rst to the second subunit (ps
−1
)
k1
′
1
0.0482 0.1595 0.0033 0.0082 0.0074 0.0712 0.0802 0.5603 0.0014 0.0001 0.0020 0.0006 0.0003 0.0015
k1
′
2
0.0184 0.0131 0.0002 0.0027 0.0044 0.0237 0.0217 0.1349 0.0007 0.0005 0.0026 0.0011 0.0025 0.0056
k2
′
1
0.0018 0.0030 0.0010 0.0016 0.0001 0.0005 0.0009 0.0207 0.0005 0.0000 0.0002 0.0001 0.0000 0.0000
k2
′
2
0.0064 0.0172 0.0020 0.0037 0.0006 0.0048 0.0056 0.0641 0.0009 0.0000 0.0005 0.0002 0.0000 0.0001
k2
′
3
0.0020 0.0107 0.0000 0.0001 0.0039 0.0302 0.0404 0.6446 0.0000 0.0001 0.0002 0.0004 0.0006 0.0019
k3
′
1
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001
k3
′
2
0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0003 0.0029 0.0000 0.0000 0.0000 0.0000 0.0000 0.0009
k4
′
1
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0004 0.0003 0.0000 0.0000 0.0000 0.0000 0.0001 0.0007
k5
′
1
0.0015 0.0119 0.0010 0.0013 0.0004 0.0034 0.0049 0.0194 0.0075 0.0004 0.0070 0.0086 0.0263 0.0007
k5
′
2
0.0146 0.0436 0.0000 0.0010 0.0048 0.0184 0.0078 0.0213 0.0000 0.0006 0.0053 0.0118 0.0043 0.0125
k6
′
1
0.0002 0.0001 0.0000 0.0000 0.0000 0.0001 0.0001 0.0020 0.0000 0.0001 0.0001 0.0003 0.0004 0.0007
k6
′
2
0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 0.0014 0.0000 0.0000 0.0000 0.0001 0.0002 0.0007
k6
′
3
0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0001 0.0024 0.0000 0.0000 0.0000 0.0001 0.0004 0.0016
k6
′
4
0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0005 0.0036 0.0000 0.0000 0.0000 0.0001 0.0002 0.0047
Rates of the transfers k→k
′′
from the rst to the third subunit (ps
−1
)
k1
′′
1
0.0385 0.0473 0.0008 0.0048 0.0111 0.0002 0.0013 0.0001 0.0010 0.0313 0.0008 0.0005 0.0010 0.0013
k1
′′
2
0.0615 0.0157 0.0003 0.0072 0.0259 0.0001 0.0005 0.0006 0.0022 0.0504 0.0002 0.0002 0.0002 0.0001
k2
′′
1
0.0056 0.0021 0.0011 0.0027 0.0001 0.0000 0.0000 0.0000 0.0019 0.0003 0.0000 0.0000 0.0000 0.0000
k2
′′
2
0.0103 0.0069 0.0014 0.0037 0.0007 0.0000 0.0001 0.0000 0.0015 0.0026 0.0001 0.0001 0.0001 0.0001
k2
′′
3
0.0008 0.0019 0.0000 0.0000 0.0031 0.0000 0.0001 0.0001 0.0000 0.0015 0.0000 0.0000 0.0001 0.0000
k3
′′
1
0.0001 0.0010 0.0000 0.0000 0.0013 0.0000 0.0003 0.0001 0.0000 0.0002 0.0000 0.0001 0.0001 0.0006
k3
′′
2
0.0000 0.0001 0.0000 0.0000 0.0001 0.0000 0.0002 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002
k4
′′
1
0.0002 0.0014 0.0000 0.0000 0.0042 0.0002 0.0050 0.0005 0.0000 0.0000 0.0000 0.0005 0.0013 0.0100
k5
′′
1
0.0015 0.0022 0.0003 0.0008 0.0001 0.0000 0.0000 0.0001 0.0071 0.0001 0.0002 0.0000 0.0000 0.0001
k5
′′
2
0.0001 0.0006 0.0000 0.0000 0.0001 0.0000 0.0001 0.0002 0.0002 0.0005 0.0001 0.0001 0.0001 0.0002
k6
′′
1
0.0006 0.0014 0.0000 0.0000 0.0004 0.0000 0.0001 0.0001 0.0011 0.0028 0.0001 0.0001 0.0002 0.0003
k6
′′
2
0.0001 0.0002 0.0000 0.0000 0.0001 0.0000 0.0001 0.0001 0.0002 0.0013 0.0001 0.0001 0.0002 0.0007
k6
′′
3
0.0000 0.0001 0.0000 0.0000 0.0001 0.0001 0.0001 0.0002 0.0001 0.0002 0.0000 0.0001 0.0004 0.0010
k6
′′
4
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0007 0.0004 0.0000 0.0000 0.0000 0.0001 0.0003 0.0049
Table 5.3: Parameters of the exciton states (energies and wavefunctions) and the rates of
intra-monomeric and inter-monomeric transfers within LHCII trimer at 77K. All the values are
averaged over disorder (with the assignment of every exciton state and every relaxation pathway
in each realization). The averaged energies and participation values are shown for one monomeric
subunit.
*notice that we include the b601
′
pigment into the rst monomeric subunit, thus considering the
b608-609-601
′
trimer as a single strongly coupled cluster.
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Migration between the stromal- and lumenal-side clusters is slow. Weak coupling
between the stromal b608-609-601
′
and luminal a604-b605-606-607 clusters produces slow
transfers between them with the fastest channel of about 7 ps (corresponding to the k64 →
k32 transfer, mostly determined by the b606-b608 coupling). This is much slower than
the downhill transfers from the corresponding sites.
There are slow transfers from the luminal-side `bottleneck' a604 to the stromal-side
clusters, i.e. to a602-603 (k61 → k11, k12 channels with a total of 43 ps time constant)
and to a610-611-612 (k61 → k21, k22, k23 channels with a 40 ps time constant). Thus,
the total decay of a604 is about 21 ps due to transfers to the stromal side clusters. (In
combination with the 33 ps transfer to the luminal a613-614 cluster we obtain a 13 ps
lifetime.)
Equilibration between the stromal- and lumenal-side a-clusters (i.e. a602-603, a610-
611-612 and a613-614) is determined by several components with time constants of 1050
ps. The overall equilibration rate is determined by population of the donor states, i.e. it
is temperature-dependent.
Inter-monomeric transfers in LHCII trimer
Fig. 5.3 shows the scheme of energy transfer within the stromal layer of the LHCII trimer
(following excitation of the stromal blue-most b608 site).
b → a conversion in the stromal side.
Excitation of the b608-609-601
′
cluster is followed by sub-ps transfer to the a602-603 and
a610-611-612 clusters from the same (rst) subunit. The fastest transfer (290 fs) occurs
from the lowest level of the b608-609 dimer (with predominant participation of b609) to
the higher state of the a602-603 dimer (localized at a603). This is not surprising because
of the close distance between b609 and a603. In addition, there is also 1.8 ps transfer from
b601
′
to the lowest level of the a602
′
-603
′
dimer (with a predominant contribution of a602
′
which is closer to b601
′
), and 1.55 ps transfer to the higher level of the a610
′
-611
′
-612
′
trimer (with the biggest contribution of a611
′
, also closest to b601
′
). The total rate of
transfers from b601
′
to the a602
′
-603
′
and a610
′
-611
′
-612
′
clusters (i.e. superposition of
the k41 → k1′1, k1′2, k2′1, k2′2, k2′3 channels) yields an eective time constant of about 700
fs. This is comparable with the eective rate of transfer from b601
′
to b608-609 (including
755 fs b601
′ → b609 relaxation in combination with b601′ → b608 → b609 transfer) with
subsequent quick transfer to the a602-603 and a610-611-612 clusters (determined by a
superposition of the k31 - k11, k12, k21, k22, k23 channels with an eective time constant
of about 165 fs). Thus, the transfer from b601
′
site occurs in both directions (to both
subunits), but the ratio of the eective rates is temperature-dependent due to the presence
of the b601
′ → b608 → b609 channel with an uphill b601′ → b608 step.
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a → a stromal-side equilibration.
The stromal-side inter-monomeric transfers are determined by an exchange between the
a602-603, a602
′
-603
′
, and a602
′′
-603
′′
clusters located at the inner side of the LHCII
trimer. The higher and lower exciton states of these clusters are localized at a603 and
a602 pigments, respectively. Excitation of the higher level localized at a603 gives rise
to a relatively fast 6.3 ps transfer to the nearest a602
′
site. But the largest part of the
energy from a603 will ow to the lower a602 site or to the a610-611-612 trimer. The
fastest inter-monomeric migration from a602 corresponds to 16.3 ps uphill a602→ a603′′
transfer. In addition, there exist isoenergetic transfers from a602 to both a602
′
and a602
′′
with time constants of 20.7 and 26.0 ps, respectively (the dierence is determined by some
admixture of a603 in the lowest state localized at a602, thus speeding up the transfer to
a602
′
). There is no inter-monomeric transfer from the lowest states of the complex located
at the peripheral a610-611-612 trimer. Thus, an exchange between the subunits in quasi-
equilibrium must be temperature-dependent, being determined by isoenergetic and uphill
transfers from the higher a602 site.
Fig. 5.4 shows the scheme of energy transfer within the lumenal layer of the LHCII
trimer (following excitation of the lumenal blue-most b606 site).
b → a conversion in the lumenal side.
After quick equilibration within the a604-b605-606-607, cluster excitation is localized at
the long-lived intermediate a604 site. There are only slow intra-monomeric transfers from
this site, including 20 ps (total time) migration to the stromal-side clusters (a602-603 and
a610-611-612 not shown in g. 5.4), and a 33 ps migration to the lumenal-side a613-614
dimer. Inter-monomeric transfers from a604 are even slower, i.e. 80 and 220 ps migration
to a613
′
-614
′
and a602
′
-603
′
, respectively.
a → a transfers in the lumenal side.
There exist 133 and 140 ps transfers from the lowest state of the a613-614 dimer (mostly
localized at a613) to the lowest states of the a613
′
-614
′
and a613
′′
-614
′′
dimers (i.e. mostly
to a613
′
and a613
′′
), The a604 state produces only very slow inter-monomeric respectively.
transfer to the other (stromal) layer, i.e. 220 ps transfer to the g. 5.5 displays the energy
transfers between the lumenal and a602
′
-603
′
cluster (this channel is not shown in g. 5.5).
stromal layers. We show only the inter-monomeric transfers between the Chl a clusters
following quick equilibration within each monomeric subunit.
Chapter 5 103
a → a stromal-lumenal transfers.
The inter-monomeric stromal-lumenal transfers in the Chl a region are mostly determined
by migration between the a602-603 and a613-614 clusters. There is 12 ps transfer from
the higher state of a613-614 (localized at a614) to the a602
′′
-603
′′
dimer, 18 and 62 ps
transfers from higher and lower state of a602-603 (localized at a603 and a602, respectively)
to a613
′
-614
′
. The contribution of the transfers from higher exciton states (i.e. from
a603 and a614) is dependent on their steady-state population, i.e. strongly temperature-
dependent.
The a604 state produces only very slow inter-monomeric transfer to the other (stromal)
layer, i.e. 220 ps transfer to the a602
′
-603
′
cluster (this channel is not shown in g. 5.5).
5. Site population dynamics
Excitation-wavelength dependent kinetics
Now we switch to the analysis of the site population dynamics with initial conditions
corresponding to dierent excitation wavelengths. Kinetics are averaged over disorder and
orientations of the complex, so that all the subunits are excited with equal probability
and the population dynamics is the same in each of the three subunits.
Fig. 5.6 shows the site-population kinetics upon 651 nm excitation, corresponding to
the peak of the Chl b band. During the rst 12 ps we observe fast (sub-ps) depopulation
of the stromal-side b601
′
-608-609 cluster with population of the stromal-side Chl a clusters
(a602-603 and a610-611-612). At the luminal side, equilibration within the a604-b605-
b606-b607 cluster (with time constants of as fast as 120170 fs) results in the population
of the bottleneck a604 state. On a timescale of 040 ps we observe slow redistribution
between the a604 state and Chl a clusters, including the luminal-side a613-614 dimer.
Compared with the pure Redeld approach (both in the monomeric (2,19) and trimeric
(21) models) we obtain signicantly slower equilibration between the stromal-side Chl a
clusters (a602-603 and a610-611-612) and the lumenal-side a613-614 cluster. According
to the Redeld picture the transfers between these clusters can be as fast as 0.5 ps (see
g. 5.8 in ref. 2), whereas the Förster theory gives values of 5.6 ps and even higher.The
couplings between the a613-614 and the stromal-side Chl a sites are very weak (no more
than 7 cm
−1
), thus we believe that the real transfer rate must be close to the Förster
limit.
Tuning the excitation within the intermediate 658667 nm region we obtain the decay
of the b605 and a604 sites with components of 3.55 ps and 1420 ps, respectively (see g.
S1 in the Supporting information of this publication).The b605 contribution is maximal
upon 658 nm excitation. The a604 contribution is increasing when tuning the excitation
from 660 to 667 nm. Further tuning to the red, i.e. deeper into the Chl a region (4667
nm) is accompanied by its decrease.
104 Chapter 5
Figure 5.5: Inter-monomeric transfers between stromal and lumenal clusters. Both stromal-
and lumenal-side layers are shown (view from the stromal side). Only the fastest channels
corresponding to transfer between the stromal a602-603 and lumenal a613-614 clusters are shown.
The colors of the pigments are the same as in gs. 5.3 and 5.4.
Figure 5.6: Site populations (averaged over disorder) upon 651 nm excitation of the LHCII
trimer at 77 K. The population dynamics of the 14 Chl sites is shown in the 02.5 ps (left) and
042 ps (right) scales. This dynamics is the same for each of the three monomeric subunits due
to averaging over disorder.
To recall: the 661 nm excitation of the LHCII trimers resulted in a long-lived shoulder
in the 660670 nm region decaying with time constants of 2.4 ps and 12 ps (9). The
second component becomes more pronounced upon tuning the excitation further to the
red. Upon 672 nm excitation the 18 ps decay is observed (9). Similar dynamics has been
measured in the isolated LHCII monomers upon 663669 nm excitation (12). The two
long-lived components observed in the intermediate region can be assigned (according to
the present analysis) to the b605 and a604 sites.
Asymmetric initial conditions (Chl b region)
Next we study the dynamics of the site populations for the whole trimer (i.e. for 42 sites)
upon special (articial) initial conditions corresponding to predominant excitation of any
xed pigment n0 taken from one of the six groups of our model. The initial populations of
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the exciton levels of this group p(k) are then taken to be p(k) = (c
k
n0)
2
in every realization
of the disorder (with zero initial population of the other groups). Thus, in every realization
we have a selective excitation of the levels with a predominant contribution from pigment
n0. The following dynamics (averaged over disorder) allows visualization of how energy
ows from the pigment n0 to other pigments within this group and to other groups.
In this section we consider selective excitation of each of the Chls b sites of the rst
monomeric subunit, i.e. b608, b601
′
, and b606.
Initial population of b608 (g. 5.7) produces fast (56 fs) equilibration within the b608-
609 dimer with subsequent 290 fs transfer b609→ a603. The a603 population reaches its
maximal value at 300 fs delay (g. 5.7E), then starts to decrease due to a603 → a602
relaxation. The a610-611-612 trimer (at a larger distance from b609) is populated more
slowly (within 12 ps). Transfer from a602-603 and a610-611-612 to a613-614 occurs
within 20 ps (g. 5.7A). Population of b601
′
due to equilibration within the b601
′
-608-
609 cluster results in fast population of the second subunit within 12 ps due to b601
′ →
a602
′
, a610
′
-611
′
-612
′
transfers (g. 5.7F). This produces a quick rise during 12 ps of
the total population of the Chls a of the second subunit (Chls a
′
) which is absent in the
third subunit (Chls a
′
) (g. 5.7H). After 2 ps the b601
′
-608-609 cluster is completely
depopulated and further exchange between the three subunits occurs via Chl a → Chl a
transfers with an apparent time constant of about 20 ps (g. 5.7AD).
Initial population of b601
′
(see g. S2 in the Supporting information of this publica-
tion) produces almost equal populations of the rst and second subunit (as discussed in
the "Inter-monomeric transfers in LHCII trimer" section). This is in contrast with the
case of b608 excitation, with predominant (80%) population of the rst subunit for 1 ps
and only 20% transfer to the second subunit via b601
′
.
Initial excitation of b606 results in sub-ps equilibration within the a604-b605-606-607
cluster with predominant population of the a604 site (see g. S3 in the Supporting infor-
mation of this publication). The following dynamics is determined by slow depopulation
of the a604 `bottleneck' (populating Chls a of the rst subunit within 2530 ps) and
slower Chl a → Chl a ′, Chl a ′′ inter-monomeric equilibration.
Asymmetric initial conditions (Chl a region)
Next we consider the case of selective excitation of the Chls a sites of the rst subunit,
i.e. a603, a610, and a614.
The initially excited a603 relaxes to a602 with a time constant of 425 fs and to the
two lowest states of the a610-611-612 trimer with a time constant of 280 fs. There is also
transfer from a603 to the second subunit via a603 → a602′ transfer. The time constant
of this transfer is 6 ps, so that in the absence of other transfers the a602
′
population
should equilibrate with the a603 population (i.e. reaching a level of about 0.34) with
this 6 ps time constant. But due to competing sub-ps depopulation of both the a603
and a602 0 sites (via a603 → a602, a603 → a610-611-612, and a602′ → a610′-611′-612′
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relaxation) the population of the a602
′
site only reaches the level 0.025 within 1 ps (g.
5.8). Nevertheless, due to this population of a602
′
the second subunit becomes more
populated than the third one.
After depopulation of a603 (i.e. after 12 ps) the excitation moves to the second
and third subunits through the lower in energy a602 site of the a602-603 dimer. More
eective is the uphill a602 → a603′′ transfer with a time constant of 16 ps. Thus, on the
long time scale (170 ps), population of the third subunit occurs a bit faster. (The same
phenomenon is observed upon selective excitation of the a610 pigment (see g. S4 in the
Supporting information of this publication.
Excitation of the red-most pigment a610 (see g. S4 in the Supporting Information
of this publication) is followed by intra-monomeric equilibration, including (i) sub-ps
equilibration within the a610-611-612 cluster, (ii) equilibration with the a602-603 dimer
with time constants of 5.5 ps (k21 → k11) and 1 ps (k22)→ k11), and (iii) slow population
of the luminal-side dimer a613-614 within 20 ps. Inter-monomeric transfers produce
almost equal population of the second and third subunits on a time scale of several tens
of ps. Initially (during 1015 ps), the transfer to the second subunit is slightly (10%)
better due to the relatively fast (6 ps) a603 → a602′ channel. At larger delays (after
1520 ps) the population of the third subunit becomes a bit faster due to the 16 ps a602
→ a603′′ transfers.
Excitation of the luminal-side a614 (upper level of the a613-614 dimer) results in
fast (sub-ps) intra-dimer relaxation followed by slower equilibration with the stromal-side
Chls a, that is complete within 1520 ps (see g. S5 in the Supporting information of
this publication). After that, all the populations within the rst subunit decay due to
slow transfers to the second and third subunits that are populated with a time constant
of about 20 ps.
DISCUSSION
The energy transfer schemes developed in the foregoing sections (gs. 5.25.5), include
the rates (or time constants) for particular relaxation/migration pathways averaged over
disorder. The random shifts of the site energies due to disorder result in variation of
the energy gap between the exciton levels in combination with variation in the degree of
delocalization of the donor and acceptor states. These two factors produce a big spread
in the transfer rates connecting any pair of the excited states (localized at any site or
corresponding to the exciton states of any cluster).
Förster-type transfers
In the case of Förster-type transfers, for example migration between the a602-603 dimers
from adjacent subunits (see g. 5.3) the disorder-induced spread of the rates is determined
mostly by variations of the energy gap between the corresponding states.
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Thus, the downhill a603 → a602′ transfers occur with time constants distributed
around 6 ps if the site energies are not much dierent from their unperturbed values
(corresponding to energy gaps of about 120 cm
−1
between the eigenstates predominantly
localized at the a603 or a602
′
sites). Disorder-induced reduction of this gap to 40 cm
−1
(corresponding to the best overlap of the low-frequency peaks of the absorption and
uorescence proles) results in faster (3 ps) transfer. Realizations with increased gap
values (4120 cm
−1
) produce slower (46 ps) transfers. The averaged rate is close to the
downhill rate for the unperturbed conguration, corresponding to a time constant of 6.3
ps.
The back uphill transfer a602
′ → a603 (or a602 → a603′′ ) is quite slow (4100 ps)
for unperturbed site energies. However this rate is signicantly (exponentially) increased
in realizations with smaller gap values. The averaged rate corresponding to 16 ps time
constant is essentially determined by contributions from these `fast' realizations with
reduced gaps.
Redeld-type transfers
The rates of the Redeld-type relaxation depend more dramatically of the disorder, being
determined both by the energy gap between the two states and their delocalization. The
most pronounced changes in delocalization due to site inhomogeneity occur in those clus-
ters where the disorder value is 23 time larger than the coupling. In such a cluster one
can nd both delocalized congurations (in the case of a more or less uniform shift of the
site energies) or localized ones (in the case of non-uniform energy shifting, for example
the strong red shift of one site). A good example is the a602-603 dimer with a coupling
of 38 cm
−1
and a disorder value of 80 cm
−1
. The averaged rate of downhill relaxation
(between the exciton states with predominant localization at a602 and a603 sites) corre-
sponds to a time constant of 425 fs (g. 5.2). The statistics of the rates shows that most
of the realizations (with energy gaps distributed around the unperturbed value of 120
cm
−1
) are characterized by downhill time constants distributed around 2 ps (such values
are typical of an asymmetric disordered dimer with predominant exciton localization at
one molecule). However there is also some part of realizations with a reduced energy
gap between the two sites, producing more delocalized states. Relaxation between such
states occurs with sub-ps times including extremely fast (sub-100 fs) relaxation in some
relatively rare realizations with uniform delocalization between the two quasi-isoenergetic
sites. Superposition of the slow transfers and fast exciton relaxation give an averaged rate
corresponding to the time constant of 425 fs.
Transfers near critical coupling
A very similar statistics of the Redeld rates is predicted for those channels with their
couplings close to the critical value (typically taken to be 1520 cm
−1
as discussed above.A
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good example is the transfer between the a602-603 dimer and the a610-611-612 trimer.
The biggest coupling between these two clusters is about 16 cm
−1
(between a602 and
a612). This is exactly at the boundary between the Redeld and Förster limits. Thus,
the right choice of the physical model is not evident.
Assuming a critical coupling of 15 cm
−1
and calculating the transfer rates according to
the Redeld theory, we obtain on average 300700 fs transfers between the exciton levels
of these clusters (see g. 5.2). However, the spread of the rates in dierent realizations
is quite big. Realizations with no mixing between these levels give time constants up to
10 ps, whereas in the case of small energy gaps the levels become excitonically mixed,
producing fast (sub-ps) transfers.
If we increase the critical coupling value to 20 cm
−1
, then the a602-603 - a610-611-612
transfers should be modeled by the Förster theory, i.e. without exciton mixing between
the donor and acceptor states. This way one can nd only ps components (as was demon-
strated by Renger et al. (22)).
In reality there is no strict boundary between the Redeld and Förster limits in the
region near the critical coupling. In this region the exciton eects are signicantly de-
stroyed by dynamic localization and polaron eects, but not completely. Obviously, the
Redeld theory gives overestimated rates in this case, whereas the Förster approach as-
suming complete localization probably gives underestimated rates. Thus, the true time
constants should be somewhere in-between.
Concluding remarks
In this paper we present a picture of energy transfer in the LHCII trimer based on the
quantitative t of the bulk (ensemble-averaged) spectral responses, including linear spec-
tra and TA kinetics observed for dierent excitation wavelengths. In the present Red-
eldFörster picture we break weak excitonic couplings between monomeric subunits as
well as within each subunit. In this way we can more correctly model the slow channels of
inter- and intra-monomeric transfers. The energy transfer picture includes: (i) fast sub-ps
conversion from Chls b to Chls a at the stromal side with subsequent sub-ps equilibration
between the stromal-side Chl a clusters, (ii) slower (10 ps or more) equilibration between
the the stromal- and lumenal-side Chl a clusters within each monomeric subunit, (iii) even
slower (20 ps and more) migration between the Chl a clusters from dierent monomeric
subunits. Note that strong coupling within the b601
′
-608-609 cluster results in fast sub-ps
conversion to the stromal-side Chl a clusters from the two monomeric subunits connected
with this Chl b cluster. Besides fast conversion in the stromal side there are slow channels
of migration through the `bottelneck' a604 site located at the lumenal side, including: (iv)
fast (sub-ps to 3.6 ps) conversion from the lumenal-side Chls b to the `bottelneck' a604
site, (v) very slow 33 ps transfer from a604 to the luminal-side Chls a, (vi) slow 21 ps
transfer from a604 to the stomal-side Chl a clusters. The total decay of the a604 `bot-
telneck' (with time constants of 13 ps and more) is still faster than the inter-monomeric
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Figure 5.7: Site populations upon predominant excitation of the b608 pigment of the rst
subunit. The total population of all 42 sites of the trimeric complex is equal to unity. The initial
values (averaged over disorder) are about 0.64, 0.28, and 0.08 for the b608, b609, and b601
′
sites,
respectively. (A,B,C,E,F,G): populations of the sites of the rst (A,E), the second (B,F), and
the third (C,G) subunits. (D,H): total populations of Chls a in the three monomeric subunits
(solid, dashed, and dash-dotted red lines labeled as Chl a, Chl a
′
, and Chl a
′′
, respectively), total
populations of Chls b (blue lines) and total populations of the intermediate long-lived states
a604-b605 (green lines). The time scale is 70 ps (A-D), 3 ps (E), and 6 ps (F-H). Note the same
y-scale in frames B,F and C,G corresponding to the second and third subunits.
Figure 5.8: The same as in g. 5.7, but with predominant excitation of a603 (with averaged
initial values of 0.78 for a603, 0.17 for a602 and o0.02 for the a610-611-612 sites).
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equilibration between the Chl a clusters. The main groups of energy transfer pathways
(i.e. groups (i)(vi) listed above) determine the apparent kinetic components that can be
observed in the experiments. Thus, the measured 150300 fs components of the Chls b →
Chls a transfer (512), and slower (25 ps and 1220 ps) components of the transfers from
the intermediate Chls to Chls a (9,12,13) are very nicely reproduced (and assigned) by
our model. The model also allows visualization of equilibration within the Chls a region
including slow inter-monomeric transfers that are dicult to study experimentally. Some
useful information about it can probably be extracted from the techniques sensitive to
transfers between isoenergetic states, such as photon echo peak-shift (1416) and polar-
ized TA (33). Further verication of the present energy transfer picture (based on tting
of the isotropic TA) should be done by including of the photon echo and anisotropy data
into the t.
Our model predicts a predominant population of the a610-a611-a612 clusters (mostly
a610) in equilibrium. The location of these clusters on the outer side of the LHCII trimer is
likely to provide a good connection with neighboring subunits of the PSII supercomplex
(i.e. CP26, CP29, CP43, CP47, and other LHCII trimers). Participation of dierent
monomeric subunits of LHCII in energy transfer can vary signicantly depending on the
type of the neighboring complex and depending on realization of the energetic disorder.
For instance, a monomer can act like a long-lived trap of the excitation in the case of
specic disorder patterns induced by conformational motion of the complex. However in
this case the inter-monomeric migration, although relatively slow, will still be capable of
producing an eective delivery of excitation to the PSII-core via alternative pathways,
i.e. through other monomeric subunits.
On the other hand, one could expect that the inter-monomeric transfers will play a key
role in the quenching dynamics, producing an eective dissipation of the excess excitation
energy in the case when one of the monomeric subunits of LHCII trimer is tuned to
the quenching conformation (34,35). The eectiveness of the process will be determined
by competition between the inter-monomeric equilibration and transfers to neighboring
complexes. How slow dynamic disorder including the occasional formation of `red states'
(20,36) would aect migration, trapping and quenching processes remains to be modeled
quantitatively.
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Chapter 6
Excitation-induced polarization decay
in the plant light-harvesting complex
LHCII
This chapter is based on the publication: Marin, A., I.H.M. van Stokkum, V.I. Novoderezhkin
and R. van Grondelle. 2012. Excitation-induced polarization decay in the plant light-
harvesting complex LHCII. J. Photochem. Photobiol. A doi:10.1016/j.jphotochem.2011.12.026.
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ABSTRACT
The energy migration dynamics of the major light-harvesting antenna (LHCII) of plants
was experimentally studied in the chlorophyll Qy region (630-700 nm). Using polarized
transient absorption (TA) spectroscopy at 77 K we obtain information unaccessible to con-
ventional isotropic TA on the energy transfer dynamics between isoenergetic Chlorophylls
(Chls). The data are simultaneously analyzed with a target analysis and interpreted in
the context of the exciton model for LHCII. The transients at 652 and 662 nm excitation
show that the memory of polarization is completely lost with a (3.3-5.0 ps)
−1
rate over
the whole Qy range, which is attributed to equilibration within monomers and between
the three subunits of the LHCII trimer.
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INTRODUCTION
Photosynthesis is the complex chemical process carried out by photoautotrophic organ-
isms that converts carbon dioxide into sugars. Light-harvesting is the initial step in
photosynthesis, when solar photons are absorbed and transferred to the reaction centers
running chemical reactions. In most organisms there exist protein systems dedicated to
harvest light: the so-called antenna complexes. In higher plants an important role is
played by the major light-harvesting complex of photosystem II (LHCII) [1-6]. This com-
plex is the most abundant protein in the thylakoid membrane (the site of light-dependent
reactions in the chloroplast) and contains about 50% of its chlorophylls (Chls). LHCII
is not only an important component in light-harvesting but also plays an essential role
in photoprotection [7-10]. The importance of the LHCII antenna complex requires a full
knowledge of how it harvests light and transfers electronic excitations. LHCII is mainly
associated with Photosystem II and consists of three similar subunits (LHCII monomers)
in a trimeric structure with C3ν symmetry. The two Chl types it contains dier in the
presence of an additional carbonyl group in Chls b as compared to Chls a and therefore in
their spectral properties. The S0-S1 (also termed Qy) transitions of Chls b and a absorb
in the ∼640-660 and 660-680 nm range, respectively. The energy transfer pathways and
the corresponding excited state lifetimes are mainly determined by the mutual distance
and orientation of Chls (i.e. the Chl-Chl electronic couplings) and the relative energies
at which they absorb. The identication, position and orientation of all pigments was
made available with the discovery of the crystal structures of LHCII at 2.72 and 2.5 Å
resolution [11, 12]. In each monomer six Chls b and eight Chls a are displayed in the
stromal and lumenal layers, together with four Carotenoids (Cars) (cf g. 6.1).
Since the discovery of LHCII [13, 14] much eort has been devoted to resolve the
energy transfer pathways in LHCII, using many experimental methods [3-5, 15-16]. Early
transient absorption studies revealed sub-picosecond (150-300 and 600 fs) and picosecond
(4-9 ps) energy transfer components from Chls b to Chls a, and long-lived picosecond
dynamics in the intermediate state region (660-670 nm) [17-20].
Palacios et al. [21] studied excitation energy transfer (EET) dynamics in LHCII with
pump-probe and uorescence experiments. Excitation was tuned to excite the Chls b at
650 nm and in the intermediate states a 662 nm, where both Chls a and red-shifted Chls
b (at 660-665 nm) were excited. The data were characterized by both fast subpicosecond
and a slower picosecond transitions for Chl b to a transfer and by slow Chl a equilibration
in the order of picoseconds and in 19 ps.
The correct theoretical framework able to describe transfer and spectra of strongly
interacting pigments is the modied Redeld theory [22, 23]. Modeling of LHCII with
this approach was carried out for monomeric LHCII [24, 25], and for trimeric LHCII
[3, 5, 26-28]. The results of the calculations are described in terms of excitons (exciton
representation). Excitons are a weighted superposition of Chl excited states and are
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calculated as the eigenstates of the Hamiltonian including site energies and couplings
between Chls. In addition static disorder is added from which ensemble averaged spectral
properties and ensemble averaged excited state dynamics can be calculated.
Figure 6.1: Chls a and b of LHCII from the crystal structure in [11]. (A): Side view and (B)
viewed from the stromal side. The nal acceptors Chls a610 on the upper stromal layer are
shown in red, and the yellow line along the NB-ND atoms depicts the orientation of the Chl Qy
dipole moment. The Chls b and other Chls a are shown in light blue and light red, respectively.
Chls are labeled for one monomer.
From the calculation of couplings between Chls, the Chls can be grouped into ve
strongly coupled clusters: Chl a604-b605-606-607 and a613-614 at the lumenal side and
b601
′
-608-609, a602-603 and a610-611-612 in the stromal layer, where b601
′
denotes Chl
601 from an adjacent LHCII monomer.
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However, this theory predicts too fast transfer rates for weakly coupled and isoenergetic
(clusters of) Chls. A combined Redeld-Förster approach was developed where inter-
monomeric dynamics were accounted for by generalized Förster theory [5, 28]. As a
result, the dynamics between dierent dimers became slower (in the order of picoseconds
or tens of picoseconds) as compared to the previous works.
In the model of Renger, Müh et al. [26, 27] the Hamiltonian was calculated using
quantum chemical methods, and the dynamics calculated using a combination of the
Redeld and Förster approaches. Compared to [25], these works shows dierences in the
site energies of Chls a604, b608, b605 and b609, although the calculated dynamics in the
spectral range of some of these Chls deviate from measurements. The dynamics in the
Chl a spectral region are slower than in [28, 29], with few subpicosecond transfers within
the Chl a613-614 and a610-611-612 clusters.
Pump-probe anisotropy decays with excitation and detection in the Chl a Qy as a
function of temperature were measured in [30]. An anisotropy decay of 5±2 ps was found
at RT over the whole Chl a Qy range, whereas at 13K the decay spans from 8 to 30 ps
when shifting the detection wavelength from 675 to 685 nm. Therefore, a wavelength-
dependence for the anisotropy decay was found only at low temperatures. It was proposed
that the slower depolarization at low temperatures was due to stronger connement of
excitations on the lowest-energy Chls a. The dynamics at 680 nm were consistent only
with uphill transfer processes, e.g. with successive transfer between lowest energy states
(at 680 nm) and mid-energy Chls a (at 676 nm).
Recently, in the work of Calhoun et al. [31], 2D electronic spectroscopy was applied
to trimeric LHCII. The diagonal signals of nonrephasing 2D spectra were analyzed, which
present quantum coherences of superpositions of excitons not disturbed by cross peaks.
This led to the direct determination of the 14 exciton energies in LHCII. The results
indicate that the energies are evenly distributed along the Qy range. As compared to the
energy map presented in [25], an exciton in the high-energy Chl a region is found at 15130
cm
−1
/660.9 nm, whereas an exciton at 14952 cm
−1
/668.8 nm is absent. This feature was
proposed to explain the fastest hundreds-of-fs EET dynamics between Chls b and a by
reducing energy gaps.
Schlau-Cohen et al. [29] interpreted experimental 2D electronic spectra of LHCII
in the framework of Novoderezhkin et al.'s [25] LHCII model. The data allowed the
resolution of 6 cross peaks, denoting transfer between two Chl b and Chl a pools and
an intermediate Chls population in the central range. Previously unobserved ultrafast
dynamics (50-70 fs) from mid-energy (671-672 nm) and intermediate (662 nm) Chls a to
the red Chls a (at 676 nm) were interpreted as relaxation between the two excitons with
prevalent participation of the Chl a dimers (a602-603 and a613-614) [25]. In agreement
with [28], multistep relaxation occurs from the lumenal a613-614 to the red states via
the stromal a602-603 dimer. The dynamics after 300 fs can be described with a steady
increase of EET to red Chls a and a parallel decrease of transfer to the mid-energy Chls
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a. Again, sub-100 fs dynamics were found from Chls b, attributed to transfer from b601-
608-609 to the higher excitons of a602-603 and a610-611-612 trimer in the mid-energy
Chl a range. After the depopulation of the channels to the mid-energy Chls a in 500 fs,
a slow several-picoseconds channel from the bottleneck state Chl a604 to the mid-a Chl
remains active.
The aim of this work is to further study the energy ow in LHCII and in particular
among quasi iso-energetic states. To this end, we used polarized pump-probe spectroscopy
at two excitation wavelenghts to excite dierent Chl b/a populations. For instance,
excitation at 652 nm selects the Chls b molecules (showed in pale blue, g. 6.1), and
will lead through both intra and intermonomer EET processes to a nal state dominated
by Chl a610 (g. 6.1, in red ) [26, 28]. Our experiments provide information on these
intra-band Chl b-Chl b and Chl a-Chl a dynamics, which are scarcely distinguishable in
conventional isotropic pump-probe. In polarized experiments, in fact, excitation transfer
among isoenergetic Chls/excitonic states of the same type generally induces a change in
the orientation of the transition dipole, and therefore a change in anisotropy. We analyze
the data with global and target analysis. In polarized experiments, in fact, excitation
transfer among isoenergetic Chls/excitonic states of the same type generally induces a
change in the orientation of the transition dipole, and therefore a change in anisotropy.
We analyze the data with global and target analysis. With the latter, we describe the
data with several compartments having dierent spectral and anisotropic properties. The
aim is to capture the main features of EET, bearing in mind that EET pathways in LHCII
are much more complex. We interpret the results using the model for the LHCII trimer
as proposed by Novoderezhkin et al [28].
MATERIALS AND METHODS
Sample preparation
Trimeric LHCII was prepared as described in [21]. Isolated LHCII complexes were diluted
in a buer containing 20 mM Hepes, 5 mM MgCl2, 0.06% n-dodecyl-β-D-maltoside (pH
7.8) and 70% (v/v) glycerol for low-temperature experiments. The absorption peak in
the Chl a Qy was adjusted to an OD of about 0.5 /mm.
Experimental setup.
The pump-probe setup is described elsewhere [32]. Datasets were recorded with pump
color tuned to 652 or 662 nm and excitation intensity 1.4 or 0.65 nJ/pulse, respectively.
The measured spectral range was 630-695 nm with 0.83 nm resolution. At each excitation
wavelength measurements were recorded with pump and probe beams oriented at parallel
and perpendicular with respect to each other. In addition, with 652 nm excitation a magic
angle (54.7◦) dataset was recorded. All measurements were carried out at 77K in a liquid
nitrogen cryostat (Oxford DN-900, Oxford, UK). Data analysis. The relationship linking
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parallel and perpendicular polarized measurements to the anisotropic MA measurement
reads as follows [33]:
∆A‖(t) = ∆AMA(t) · [1 + 2r(t)]
∆A⊥(t) = ∆AMA(t) · [1− r(t)] (6.1)
where ∆A‖(t), ∆A⊥(t) and ∆AMA(t) indicate absorption dierence proles with paral-
lel, perpendicular and magic angle polarization, respectively. Anisotropy is commonly
computed from the formula:
r(t) =
∆A‖(t)−∆A⊥(t)
∆A‖(t) + 2 ·∆A⊥(t) (6.2)
In our analysis of the 652 nm excitation data anisotropy r(t) is computed from the formula:
r(t) =
5 ·∆A‖(t)− 4 ·∆A⊥(t)−∆AMA(t)
3 ·∆A‖(t) + 6 ·∆A⊥(t) + 5 ·∆AMA(t) (6.3)
Equation 6.3 can be veried by substituting equation 6.1 in it. It provides similar values
as equation 6.2, but uses all three polarization datasets and thus is more robust for small
values of r(t). It is a least squares estimator for r(t) which provides more precise estimates.
Global and Target analysis
Global and target analysis are described in [34]. Global analysis employs a sequential
scheme with increasing lifetimes to estimate Evolution Associated Dierence Spectra
(EADS) and associated lifetimes. For each individual excitation wavelength or polar-
ization, four components were needed. In addition, a coherent artifact with concentration
resembling the Gaussian shaped instrument response function (IRF) was used. After the
global analysis of individual measurements, a simultaneous target analysis of each of the
polarized TA data datasets was performed with a target kinetic model that included a
description for anisotropy. The aim of target analysis is to estimate the Species Asso-
ciated Dierence Spectra (SADS) and concentrations of pure excited Chl states. The
concentration of the l -th species with detection at magic angle can be computed from the
multiexponential decay that results from the target kinetic model convolved with the IRF
and is called cl(t). Then with parallel or perpendicular detection this concentration has to
be multiplied by 1+2r l or 1-r l, respectively, where r l is the anisotropy of the l -th species.
The contribution of the l -th species to ∆AMA(t) is the product of its concentration and
its SADS: c
l
(t)·SADS
l
(λ). Thus the full model for the simultaneous target analysis of
∆A‖(t), ∆A⊥(t) and ∆AMA(t) reads:
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

∆A‖(t, λ)
∆A⊥(t, λ)
∆AMA(t, λ)

 =
Nspecies∑
l=1
cl(t) · SADSl(λ) ·


1 + 2rl
1− rl
1

 (6.4)
Note that the anisotropy of the above mentioned coherent artifact was set to 0.4.
RESULTS
Pump-probe traces
Selected pump-probe traces of the three datasets after 652 nm excitation are presented in
g. 6.3. The traces at 650.3 nm show the Chl b dynamics after direct excitation. The Chl
b signals decay completely in about 10 ps and display a strong subpicosecond component.
The positive signal thereafter is due to the Chl a excited state absorption (ESA). The
669.4 nm traces were detected in the intermediate states region between the main Chl
b and a bleaching. Following 652 excitation these traces show a steady increase up to
2 ps followed by de-excitation up to about 15 ps. At 677.7 nm the Chl a traces reach
the absolute minimum ∆OD signal. These traces show a biphasic rise of the bleaching in
hundreds of femtoseconds and picoseconds, and after 20 ps the Chl a excited states start
to decay. At 3.6 ns, the longest delay time of the measurements, a fraction of Chls a is
still excited.
The pump-probe traces after 662 nm excitation are shown in g. 6.4. The 677.2 nm
traces display analogous dynamics as the 677.7 nm traces after 652 excitation, except for
the enhanced amplitudes immediately after excitation. In g. 6.4 the 665.5 and 668.9 nm
traces in the intermediate states region, having similar shapes and amplitudes, show a
bleaching at time zero followed by a decay in the picosecond time range; the redder ones
have an additional small negative contribution around 1 ps denoting energy transfer.
As expected, the parallel/perpendicular polarization experiments show shortly after
excitation the largest/smallest signals as compared to the other polarizations. These
dierences in amplitudes (and therefore anisotropy) are retained up to about 10 ps, when
the signals at the dierent polarizations become nearly identical. In g. 6.2 more traces
are shown together with the t from the target analysis.
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Figure 6.2: The complete set of kinetic traces for parallel (black), perpendicular (light grey)
and magic angle (grey) measurements after 652 nm excitation. Solid lines indicate the measured
data, and dashed light grey lines correspond to the simultaneous target analysis t. Note that
the time axis is linear until 0.3 ps, and logarithmic thereafter.
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Figure 6.3: Pump-probe traces at perpendic-
ular (solid), parallel (dashed) and MA (dot-
ted) polarizations after 652 nm excitation.
The perpendicular measurement was scaled by
1.0485.
Figure 6.4: Pump-probe traces at perpendic-
ular (solid), parallel (dashed) and MA (dot-
ted) polarizations after 662 nm excitation.
The perpendicular polarization was scaled by
0.9365. The MA trace was computed for com-
parison with g. 6.3
Figure 6.5: EADS and lifetimes estimated
from independent global analyses at perpen-
dicular (dashed) and parallel (solid) polariza-
tions after 652 nm excitation. The perpendic-
ular measurement was scaled by 1.0485.
Figure 6.6: EADS and lifetimes estimated
from independent global analyses at perpen-
dicular (dashed) and parallel (solid) polariza-
tions after 662 nm excitation. The perpendic-
ular polarization was scaled by 0.9365.
Spectral evolution after 652 nm excitation
The global analyses of the 652 nm excitation measurements are displayed in g. 6.5
(parallel and perpendicular detection) and in g. 6.7 (magic angle detection). The rst
spectrum shows a Chl b bleach at 650.3 nm and a smaller Chl a bleach with peaks at
670.2 and 675-676 nm. These latter Chl a bands are the result of some direct excitation
together with some ultrafast EET. The rst 390-450 fs lifetime describes the transfer of
86% Chl b amplitude to Chls a. In the second EADS a Chl a bleach peaks at 676-677
nm with a pronounced shoulder in the intermediate states region at 669-672 nm. The
decay of the Chl b is completed in 5.1-5.4 ps and its center has red-shifted to 651-652
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nm. In the Chl a region, the intermediate states at 670-672 nm decay on a similar 5 ps
timescale, whereas the accepting Chls a peak at 676.8 nm. The 14.4-19.9 ps dynamics
shows a 11-15% reduction of the Chl a band at low-energies possibly due to intermonomer
annihilation. The long-lived excited Chls a peaking at 677.6 nm decay in 3.1 ns, which is
the timescale of the uorescence.
Figure 6.7: EADS and lifetimes estimated from independent global analysis at magic angle
polarization after 652 nm excitation.
The parallel polarization measurement shows, compared to the perpendicular polariza-
tion measurement, enhanced Chl b and Chl a amplitudes in the rst and second EADS.
The last two EADS have similar amplitudes, meaning that depolarization is complete
after the second 5.1-5.4 ps lifetime.
662 nm excitation
The global analyses of the 662 nm excitation parallel and perpendicular measurements
are shown in g. 6.6. In the rst EADS a pronounced bleaching due to the excited
intermediate states is present, centered at 664-667 nm. An additional small bleach can
be distinguished at 657-660 nm superimposed on the Chl a ESA. Compared to the rst
spectrum of the 652 nm dataset, the same Chl a band at 675.5 nm is present. The
rst transition takes place in 250-360 fs. It shows a 75-81% reduction in the area of the
intermediate states together with transfer to the species peaking at 676-677 nm. In the
3.1-3.6 ps transition a second slower phase contributes to the EET dynamics from the
intermediate states to the Chls a at 676-677 nm. The 9.8-13.4 ps transition shows the
complete decay of the intermediate states and a minor decay (6-8%) of the Chl a band.
The long-lived Chl a excited states peaking at 677.6 nm decay in 3.2/3.6 ns.
Analogous to 652 excitation, the intermediate states and Chl a feature enhanced
polarization, visible in the relative amplitudes of the rst and second EADS. Also, the
last two EADS have similar amplitudes, meaning that depolarization is complete after
the second 3.1-3.6 ps lifetime.
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Target analysis of the 652 nm dataset
Target analysis was carried out on the three 652 nm measurements with the kinetic
scheme as shown in g. 6.8B. The quality of the t of the target analysis was satisfactory,
cf. g. 6.2, and increasing the complexity of the kinetic scheme did not yield to an
improvement in the rms error of the t of more than about 1%. Assumptions on spectra
and parameters of the t were needed to resolve the seven SADS (g. 6A). Referring to
the compartmental schemes in g. 6.8B, the assumptions used are: 1) Chls b1 and b2
were zeroed above 663.0 and 661.5 nm, respectively. Chl 665 was zeroed below 662 and
above 674 nm; 2) The ESA of Chl a1 and Chl a2 were equalized to the ESA of Chl a4
below 657 and 672 nm, respectively; 3) Input to the kinetic scheme was given to the Chl
b1 (74%) and Chl a2 (13%) compartments. These compartments had xed 0.4 anisotropy.
The remaining 13% input was given to the Chl 665 component. The Chl b2 compartment
represents Chl b pigments with lower anisotropy, which are quickly populated from the
Chl b1 compartment. Looking at the resulting SADS, the spectral assumptions for Chl
b1-b2 and Chl a1-a4 are natural, since the spectra look similar to Chl a or b bands. The
SADS of Chl a1 has a long tail on the shorter wavelength side of the main Chl a peak.
The assumptions on Chl 665 on the other hand appear rather articial; the dynamics in
the intermediate states were in fact dicult to spectrally resolve for both the 652 and 662
nm excitation datasets (vide infra).
The Chl b1 and Chl b2 compartments describe the Chl b dynamics with subpicosecond
(Chl b1 decays in 0.36 ps) and picosecond (τ4=2.9 ps) phases. The slower 5.1-5.4 ps
lifetime in the global analyses of g. 6.5 is probably a mixture of a 2.9 ps component and
slower Chl a dynamics. The ∼1.3 nm red shift of the Chl b band in the global analysis
of g. 6.5 could be reproduced in the target analysis in the SADS of the Chl b1 and b2
compartments (blue and green). The Chl 665 compartment is composed of a mixture of
intermediate states and decays in τ3=0.36 ps to Chl a1.
Four other compartments (Chl a1, a2, a3, a4) describe the slower picosecond to
nanosecond dynamics in the Chl a absorption region. Chl a2, receiving 13% of the total
input, describes the Chl a species at 676-677 nm present in the spectra at time zero, in
analogy to the same Chl a peak in the global analysis of g. 6.5. Chl a3 is populated
in several picoseconds by a combination of the τ4, τ5 and τ6 channels. The eect on the
SADS is analogous to the 5.1-5.4 ps transition in g. 6.5, where the intermediate states
transfer to the low-energy Chls a at about 677 nm. Finally, two transitions showing a
progressive red shift in absorption and taking place in τ7=30.3 ps and τ8=4.5 ns conclude
the description of the Chl a decay.
The estimated anisotropy values are collated in table 6.2. The anisotropies of Chl b1
and Chl a2 (both excited by the pump beam) were xed to the maximum value of 0.4.
When left free they converged to 0.44 due to experimental uncertainties or the presence
of some coherences [35, 36]. Chl b1 transfers to the red shifted Chl b2 and to Chl a1,
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concomitant with an anisotropy decrease to 0.21 and 0.04, respectively. Both Chl b2 and
a1 transfer to Chl a3, which is unpolarized. The 0.31 anisotropy of the directly excited
Chl 665 is close to the maximum value of 0.4.
Figure 6.8: A: SADS estimated from target analysis of the 652 dataset. B: Kinetic scheme.
Figure 6.9: A: SADS estimated from target analysis of the 662 dataset. B: Kinetic scheme.
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Kinetic rate [ps]
τ1 0.83
τ2 0.55
τ3 0.36
τ4 2.9
τ5 7.8
τ6 5.5
τ7 30.3
τ8 4490
Table 6.1: Reciprocal of kinetic rates
for g. 6.8B.
Compartment Anisotropy
Chl b1 0.4
Chl b2 0.21
Chl 665 0.31
Chl a1 0.04
Chl a2 0.4
Chl a3 0
Chl a4 0
Table 6.2: Anisotropy values r for
each compartment in g. 6.9B (see
equation 6.4).
Kinetic rate [ps]
τ1 0.43
τ2 0.74
τ3 0.47
τ4 4.3
τ5 5.6
τ6 3.8
τ7 3570
Table 6.3: Reciprocal of kinetic rates
for g. 6.9B.
Compartment Anisotropy
Chl 662 0.33
Chl 667 0.13
Chl a1
′
0.28
Chl a2
′
0.28
Chl a3
′
0
Chl a4
′
0
Table 6.4: Anisotropy values r for
each compartment in g. 6.9B (see
equation 6.4).
Target analysis of the 662 nm dataset
The 662 nm excitation dataset was tted with the six compartments depicted in the
scheme of g. 6.9B. Notice that the Chl a1
′
-a4
′
denote dierent species from Chl a1
′
-
a4
′
in g. 6.8. The spectral assumptions made are: 1) The ESA of the Chl a2
′
-a4
′
compartments were equalized below 670 nm, and Chl a1
′
was zeroed in that region; 2)
Chl 662 and Chl 667 were zeroed above 670 nm; 3) The Chl 662 and Chl a1
′
compartments
receive 65% and 35% input, respectively, whereas Chl 667 is populated by Chl 662, and
contains pigments with lower anisotropy. In the 670-672 nm range the overlapping SADS
could not be properly resolved.
The Chl 662 compartment contains the intermediate states (654-670 nm), it decays
in 0.27 ps evolving to the Chl 667 and Chl a2
′
compartments with lifetimes τ1=0.43 ps
and τ2=0.74 ps (table 6.3). The spectra of Chl 662 and Chl 667 mimic the decay of
intermediate state species in two phases. Finally, Chl a1
′
-a3
′
describe the dynamics of the
low-energy Chls a, showing a progressive red shift in absorption.
The directly excited compartments Chl 662 and Chl a1
′
have anisotropies smaller than
0.4, (0.33 and 0.28, respectively). This is an indication that the fastest kinetic processes
are not being resolved with the time resolution of our measurements. Remarkably, Chl a2
′
which receives input from Chl 662 still possesses a high anisotropy of 0.28. In contrast,
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Chl 667 which also receives input from Chl 662 shows an expected decay of the anisotropy
to 0.13 (cf table 6.4). Finally, Chl a3
′
and a4
′
have zero anisotropy.
Anisotropy proles
Anisotropy proles as a function of time probed at the maximum Chl Qy are shown for
the 652 (g. 6.10, Left) and 662 nm (g. 6.10, Right) excitation datasets. The prole
after 652 nm excitation (g. 6.10, Left) start at time zero with a value of r=0.38 and
decays within ∼10 ps. This anisotropy prole can be considered zero at about 25 ps, and
at 10 ps the anisotropy has a value of r=0.05, meaning that at this delay time anisotropy
has almost completely vanished.
The prole at 677.2 nm (g. 6.10, Right) has an initial anisotropy of ∼0.17 decaying
at 10 ps to a value of r=0.04. The small initial value can be explained by depolarization
processes faster than ∼100 fs that are not being resolved or by the counteracting contri-
butions of the coherent artifact and the Chls a. As after 652 nm excitation (g. 6.10,
Left), at about 25 ps the signal is completely unpolarized.
Figure 6.10: 77K anisotropy proles r(t) after 652 nm excitation at 677.7 nm (Left) and after
662 nm excitation at 677.2 nm (Right). Dashed lines indicate the target analysis ts. The proles
are shown after time zero and up to 1 ns.
DISCUSSION
Anisotropy vanishes at long delay times
In the anisotropy proles of g. 6.10 anisotropy reaches at long time delays a zero value
after both 652 and 662 nm excitation. This residual zero anisotropy has two origins: (1)
the angle between the optical transitions at 652/662 nm and the accepting transitions at
670/680 nm and (2) intermonomer energy transfer among the lowest-energy states of the
LHCII trimer (see g. 6.1). The tilt of the lowest-energy states (mainly Chls a610, cf
g. 6.1) is such that equilibration from the excited Chls (e.g. the Chls b after 652 nm
excitation, cf g. 6.1) results in practically zero nal anisotropy.
The fact that the residual anisotropy is zero is also conrmed by the LD spectrum,
which depends on the angle θ between the transition dipoles and the axis perpendicular
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to the membrane plane by LD ∝ [3cos2 (θ) −1]. The 670-680 nm band in fact shows a
positive contribution to the LD spectrum and is therefore polarized more or less in the
membrane plane. On the other hand, the contributions from the 650-660 nm region cancel
out to nearly zero, thus the corresponding transitions are on average oriented neither in
the membrane plane, nor oriented normal to the plane where the LD is negative. [37,38]
Therefore, selective excitation of the 650-660 nm region should give near to zero anisotropy
in the 670-680 nm region after equilibration among the three nal acceptors.
Direct excitation of the 675-685 nm band yielded in Savikhin et al. 0.1 or higher
residual anisotropy [30]. As expected, increasing the excitation wavelength, the more
red absorbing nal Chl a acceptors are preferentially excited and excitations maintain
a certain degree of orientation which is reected in non-zero anisotropy. In the extreme
case of 685 nm excitation (and at low temperatures) only the most red absorbing nal
acceptors are photoselected, and a very high nal anisotropy of 0.4 is obtained [30]. In
that case hardly any depolarization takes place, because there is little to no energy transfer
among the three nal acceptors.
Anisotropy decays with a 3.3-5.0 ps lifetime
We estimate the anisotropy decay lifetime by approximating the anisotropy decays with
a single exponential. We nd that the proles at 677.7 and 677.2 nm after 652 and 662
nm excitation (gs. 6.10) reach 1/e of the initial signal at 3.3 and 5.0 ps, respectively.
The anisotropy measurements on LHCII of Savikhin et al. [30] employing single ex-
citation and detection wavelengths yielded an anisotropy decay rate at 680 nm of (11-17
ps)
−1
between 50 and 100K. These smaller decay rates can be explained by the dierent
excitation wavelengths in [30] where the Chl a Qy wavelength range from 675-685 nm
was scanned, implying excitation of only the lowest energetic states. In turn, our faster
anisotropy decay rates at 652 and 662 nm excitation are determined by the transitions
from Chls b and Chls b/a in the intermediate states, whereas in [30] these states were
not photoselected. We imply that the dominant depolarization processes from these Chl
states occur mainly within an LHCII monomer (intramonomeric EET), corresponding to
the sub-picosecond τ1-τ2-τ3 transitions in the target analyses (gs. 6.8-6.9). This interpre-
tation is also in agreement with the higher residual anisotropy found by the same authors
after excitation in the Chl a Qy band.
Consistent with [30], also in our anisotropy proles the redder excitation yields a longer
anisotropy decay time (3.3 and 5.0 ps after 652 and 662 nm excitation, respectively). This
suggests that the tail of the anisotropy decay contains a relatively slow (picoseconds)
contribution. In the target analysis these transitions are possibly described by the 5.5-
7.8 ps (τ5-τ6 in g. 6.8) and 3.8-4.3 ps (τ4-τ6 in g. 6.9) transitions at 652 and 662
nm excitation, respectively. Fitting the tail of the 677.7 and 677.2 nm anisotropy proles
yields a similar lifetime (8.7±0.2 and 7.3±0.4 ps, not shown). These lifetimes, considering
the work of Lyle and Struve [39] (see below in this paragraph), agree with the estimated
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intermonomeric hopping time of about 20 ps [28]. Therefore, the slow (picosecond) decay
in the anisotropy proles are mainly due to EET between Chls a of dierent monomeric
subunits (intermonomeric EET).
Lyle and Struve showed that in a trimeric complex of identical chromophores with C3ν
symmetry anisotropy decays with a rate three times larger that the one describing EET
[39]. Therefore, the overall inverse rate constant for EET in a LHCII trimer would be
between 10 and 15.0 ps at 652 and 662 nm excitation, respectively. Note that these rates
correspond to the slowest picosecond Chl a equilibrations found for trimeric LHCII [18,20].
However, also in monomeric LHCII and the minor complexes slow picosecond phases
occurr [40,41], when excitations equilibrate on the lowest energy Chls a. Consequently,
to truly assign the depolarization dynamics in LHCII in terms of intra-monomer and
inter-monomer EET the full Redeld model must be solved (see [5, 28]).
Chl b dynamics
The Chl b bleaching decays in two phases (cf g. 6.5): the major one in the subpicosecond
time scale (390-450 fs) accounts for the 86% of the bleaching. In [21] however, two
subpicosecond components of ∼130 and 600 fs were present. We could not nd evidence
for this by tting the 620-660 nm region (not shown), but the 0.38-0.45 ps lifetimes found
in g. 6.5 seem to be an 'average' of the ones found in [21]. This behavior is very similar
to what was found in reconstituted minor complexes, where lifetimes of 0.21/0.61 and
1.5/3.6 ps were extracted for CP26/CP24 [41]. In the target analysis of g. 6.8 the Chl
b dynamics were modeled with two compartments. The fast phase is accounted for by
Chl b1 decaying in 0.33 ps (the sum of the τ1 and τ2 rates in table 6.1), whereas the slow
decay is modeled by the slow τ4=2.9 ps decay from Chl b2 to Chl a3.
In the excitonic model of Novoderezhkin et al. [28] EET from Chls b consists in a
subpicosecond (300-800 fs) transfer between the Chl b601
′
-608-609 cluster and the stromal
Chls a clusters (i.e. a602-603 and a610-611-612), and a fast (100-200 fs) equilibration
within the lumenal a604-b605-606-607 cluster resulting in the population of the bottleneck
a604 state. These fast dynamics are caught by the target analysis of g. 6.8A and describe
the decay of Chl b1, although in the exciton model two Chl b clusters are decaying in
parallel.
The lifetime between the two Chl b1 and b2 compartments in the target analysis of
g. 6.8 is τ1=0.83 ps, in agreement with [29], where the cross peak (649.3 nm, 649.3 nm)
corresponding to Chl b to Chl b transfer almost completely disappears in 1 ps. In the
transition from Chl b1 to Chl b2 a red shift of the Chl b absorption bands takes place,
which is also visible in the rst phase in the global analysis of g. 6.5. This equilibration
within Chl b pools might correspond to relaxation within the lumenal and stromal Chl
b pools (corresponding to the k14-k10/k14-k9 and k13-k12/k13-k11, although they were
given faster (50-800 fs) kinetics).
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In [29] evidence was found for ultrafast EET from Chl b to mid-Chl a at 671.1 nm and
to Chl a at 678.2 nm. Energy transfer to these species is modeled with a sub-picosecond
time scale by the Chl b1 to a1 transition (τ2=0.55 ps). The ultrafast dynamics in [29]
might be reected in our data by the presence of two bands at 670 and 675-676 nm in the
rst EADS of g. 6.5, and would be modeled in the target analysis by giving input to
the Chl 665 and Chl a2 compartments, respectively. These dynamics can be attributed to
sub-picosecond relaxation between the stromal b601
′
-608-609 cluster (excitons k13, k12)
and the excitons highest in energy with predominant participation of a610-611-612 and
a602-603 (excitons k8 and k6, respectively).
The slow Chl b decay is described by the τ4=2.9 ps decay of the Chl b2, and can be
assigned to the slow EET dynamics in the lumenal side from Chl b605 to Chl a604. This
transition from Chl 605 to Chl 604 would yield a 111
◦
change in the orientation of the
dipole moment with a shift to negative anisotropy.
Dynamics in the intermediate state region
The fastest dynamics in the 660-672 nm region after 652 nm excitation is accounted for
by the τ3=0.36 ps lifetime of Chl 665 (g. 6.8, table 6.2). The SADS of Chl 665 hosts the
absorption of excitons k8 (Chls a611-612) at 666.3 nm, k6 (Chls a602-603) and k5 (Chl
a613-614) around 670 nm (cf g. 6.11). In [29] this region showed pronounced sub-100 fs
EET dynamics of the the mid-a Chls (671.1 nm), and in the exciton model these excitons
decay with dynamics ranging from ultrafast (e.g. k8 to k2 and k1 in 50-80 fs) to hundreds
of femtoseconds (k8 to k6 in 325 fs, k6 to k4 or k2 in 400 fs, k5 to k3 in 155 fs) [28].
Therefore, it is probable that the experiments of [29] detect the fast sub-100 fs transition
(e.g. the ones within the stromal Chl a610-611-612 trimer, k8 to k2 and k1), whereas in
our data we mimic these transitions by giving input to Chl a2 in g. 6.8B.
In the target analysis for the 662 nm dataset the fastest dynamics in the intermediate
states are described by the 0.27 ps decay (the sum of τ1 and τ2) of Chl 662 (g. 6.9B,
table 6.3). These transitions include relaxation between the k6-k4 and k5-k3 excitons, i.e.
excitons with high spatial overlap on the a602-603 and a613-614 dimers, respectively.
In addition, the Chl 662 nm experiment very likely contains excited Chls b, as it was
found for reconstituted CP26 and CP24 at the same excitation wavelength [41]. The Chl
b part of the bleaching, which is most visible in the blue part of the bleaching in the rst
EADS of g. 6.6, is likely the eect of Chl b605 to a604 relaxation (exciton k9 to k7). On
the other hand, the lifetime that was calculated for this process is one order of magnitude
larger than τ1=0.43 ps [28]. Another candidate could be Chl b607 (exciton k10), which
is also populated around 660 nm, though in smaller amount than Chl b605 (exctiton k9)
[28].
The slower dynamics in the intermediate states are present in the τ5=7.8 ps decay of
Chl a1 (g. 6.8) and in the τ4=4.3 ps decay of Chl 667 (g. 6.9). The transition Chl a1
to a3 reects a combination of several processes: transfer from the bottleneck state Chl
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Figure 6.11: Steady state absorption of LHCII and ensemble averaged exciton energies from
[16]. The label indicates the Chls having the highest participation ratio to each exciton level.
a604 (exciton k7) to the lumenal dimer (excitons k5/k3); transfer between the luminal
dimer a613-614 and the stromal a602-603 and a610-611-612 clusters.
Dynamics in the Chl a range
In the 652 nm dataset (g. 6.8) the Chl a region is described by slow picosecond (τ5=7.8
ps, τ6=5.5ps), tens of picoseconds (τ7=30.3 ps) and nanosecond lifetimes (reecting the
Chl uorescence decay τ8=4.5 ns).
Chl a2 in the 652 nm dataset (g. 6.8) and Chl a1
′
-a2
′
in the 662 nm dataset (g. 6.9)
decay with a small red-shift from 675.5 to 676-677 nm. The peak at 675.5 nm, also present
in the 652 nm data (g. 6.5), corresponds to exciton k4 and k3, i.e. the lowest excitons
of the 602/603 and 613/614 dimers mostly localized on Chl a602 and a613, respectively.
The k3 exciton was shown to relax very slowly (in about 15-20 ps [28]) to the stromal
a602
′′
-603
′′
dimer of an adjacent monomer. This slow intra-monomeric transfer is similar
to the third 14.4-19.9 and 9.8-13.4 ps transition in the global analysis (gs. 6.5-6.6).
Complete equilibration of the reddest Chl a states is reached with the transitions to the
Chl a4 and a4
′
compartments. In particular, the last τ7=30.3 ps transition from Chl a3
to Chl a4 in g. 6.8 reects the very slow excitation ow between Chl a clusters following
relaxation of the lumenal Chl a604 bottleneck state.
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On the mechanisms of energy
dissipation in the main light harvesting
antenna of plants
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ABSTRACT
Plants, and more generally photosynthetic organisms, possess a remarkable capacity of
adaptation to uctuating light conditions. These organisms can either eciently har-
vest light (photosynthesis) or eciently dissipate it (photoprotection). In plants, a major
player in the process is the main light harvesting complex, LHCII. In recent years three
mechanisms have been proposed to be responsible for energy dissipation in LHCII, two
involving carotenoid excited states and one involving solely chlorophyll-chlorophyll inter-
actions.
In this paper we report on the role of carotenoids in energy dissipation in isolated
LHCII in the absence of protein aggregation. This was accomplished by immobilizing
trimeric LHCII in a polyacrylamide gel. By making use of ultrafast transient-absorption
spectroscopy we show that a carotenoid excited state is populated concomitantly with the
decay of the chlorophyll excited state and its transient population reaches its maximum
concentration on a timescale comparable with the carotenoid excited state lifetime. We
discuss the results in the light of the dierent mechanisms proposed to be responsible for
energy dissipation in LHCII.
INTRODUCTION
While photosynthesis relies on the ecient collection of sunlight, too much of it can be
lethal. In high light the harvested photons exceed the capacity of the reaction centers to
convert them in the form of charge separated states (photochemical quenching), threat-
ening the functioning of the photosynthetic system. To cope with the uctuating light
environment photosynthetic organisms have developed a remarkably versatile and robust
apparatus which can be either ne tuned to eciently collect light energy or to dissipate
the absorbed solar energy into heat. This latter process of energy dissipation is generally
known as non-photochemical quenching (NPQ) [1-3]. NPQ has down-regulating eects
on photosynthetic eciency and understanding its molecular mechanisms would have far
reaching implications, e.g. on the one hand to design more robust articial light harvesting
constructs and on the other to improve crop yield.
In plants, NPQ mostly takes place in the antenna system and is triggered and regu-
lated by the synergy of several factors, namely the ∆pH across the thylakoid membrane,
the protonation of the PsbS protein and the Xanthophyll cycle that de-epoxidizes the
Car Violaxanthin to Zeaxanthin. In recent years the advent of ultrafast spectroscopic
techniques down to the femtosecond time resolution has lead to a number of experiments
in the quest to understand the biophysical mechanisms responsible for NPQ. Four models
have recently been proposed to be at least partly responsible for NPQ:
1. A model based on charge separation between chlorophyll (Chl) and carotenoid (Car)
molecules [4-6]; within the framework of this model, the excited bulk Chl would
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transfer energy to a Chl-Car heterodimer, which in turn would undergo charge
separation and subsequent charge recombination thus providing quenching.
2. A model based on energy transfer between Chl and Car pigments [7-9]; a Car would
accept energy from a neighboring Chl, acting as an ecient quencher since its life-
time is ∼3 orders of magnitude shorter than that of the Chl singlet excited states.
3. A mechanism based on excitonic coupling between a Car and Chl pigments [10];
such coupled system would provide energy dissipation since its excited state lifetime
would be shorter than the Chl excited state lifetime and at the same time would act
as energy sink since its energy would be lower than that of the Chl singlet excited
states. Note that this model is the `strong coupling' variant of model 2 [11].
4. A mechanism based on a Chl-Chl coupled system [12,13], induced by aggregation,
i.e. the mixing of charge transfer (Chl
+
-Chl
−
) states with the excitonic states. In
this scheme the Chl
+
-Chl
−
pair would act as a quencher since its lifetime is expected
to be much shorter than that of isolated excited Chls.
Aggregation of the main light harvesting system of plants, the light harvesting complex
II (LHCII) has been used for about two decades as a successful in vitro model for NPQ.
LHCII aggregates have in fact been shown to be able to display several properties of in vivo
NPQ [14]. Although several spectroscopic features are analogous in in vivo and in aggre-
gated quenched preparations, it remains an open question whether aggregation-dependent
quenching is truly representative of quenching in vivo. In fact, it can be speculated that
the energy dissipation mechanisms proposed to be active in LHCII aggregates might be
a consequence of aggregation, rather than being intrinsic to the isolated LHCII complex.
In addition, aggregation is expected to increase interactions and energy exchange be-
tween neighboring proteins. This possibly results in the depopulation of excited states in
unquenched proteins by a small fraction of quenched proteins [15].
A new technique holding great promise is the incorporation of light harvesting complex
in a gel matrix, with the aim of keeping single LHCII complexes isolated from each other
[16]. Aggregation is not per se necessary to obtain quenched preparations. In fact, isolated
LHCII trimers and minor complexes have the ability to reversibly switch into a dissipative
state, as shown in studies using single molecule emission spectroscopy [18-19].
In this work we report on the energy ow in unquenched and quenched LHCII trapped
in polyacrylamide gels. We show that while in the unquenched system only Chl features
are present in the time resolved data, in the quenched case a clear Car signal transiently
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MATERIALS AND METHODS
LHCII gel preparations were prepared as described earlier (16). LHCII complexes of
photosystem II were obtained from dark-adapted spinach. To separate LHCII compo-
nents, isoelectric focusing was carried out on solubilized thylakoids. Further purication
of LHCII was carried out by seven-step sucrose density gradient from 0.15 to 0.87 M
sucrose. Trimeric LHCII diluted in a β-DM/HEPES buer at pH 7.8 was mixed with
an acrylamide/bisacrylamide (37.5:1) solution. Polimerization of the solution in a 1-mm
thick matrix was carried out using 0.05% ammonium persulfate and 0.03% TEMED for
20 min using a Bio-Rad mini-PROTEAN system. By incubating the 1-mm thick gels in
20 mM HEPES (pH 7.8), quenched gel preparations were obtained. The extent of uores-
cence quenching was calculated by measuring the uorescence yield with a Walz PAM101
uorometer. NPQ was calculated as the kd parameter: (FunQ-FQ)/FQ, where FunQ and
FQ indicate the uorescence levels of unquenched and quenched samples, respectively. In
this study gel preparations at dierent quenching degrees were investigated (kd=0, 9 and
30).
The excited state dynamics of LHCII in the dierent gel preparations was measured
with a pump-probe set-up described elsewhere [20,21]. In the experiments the pump
beam was tuned to the Chl a Qy absorption and the spectroscopic response of the various
samples was detected in the visible region. The polarization between the pump and probe
beams was set at magic angle (54.5
◦
). An excitation energy of about 10 nJ/pulse was
used in the measurements. The most strongly quenched preparation (kd=30) was excited
at 678 nm, the unquenched gel preparations were measured with pump at 682 nm.
The spot size on the sample was estimated to be about 180 µm, leading to a maximum
photon ux of 1.3·1014 photons cm−2 pulse−1. The dierence absorption spectra were
detected with a 256 diode-array, where 1.2 nm are covered by each diode, respectively.
Absorption spectra were detected in the visible region (∼410-710 nm). The repetition
rate of the system was 1 kHz.
A gel preparation with kd=11 was measured with a 76 diode detection system (Mira-
Rega set-up [21]) and a 0.85 nm resolution. The repetition rate at 36 kHz was suciently
low to allow a complete decay of the slow-decaying (triplet) species before the next exci-
tation, which was conrmed by the absence of a
3
Car signal at t<0 ps. Analysis of the
data was carried out with global analysis, describing the data with a model of sequentially
decaying components, known as Evolution Associated Dierence Spectra (EADS). Target
analysis, based on a kinetic model where compartments correspond to molecular species
[22] was also applied to yield a number of Species Associated Dierence Spectra (SADS).
To t the coherent artifacts at early time delays two ultrafast components were used (not
shown).
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RESULTS
Steady state absorption
Figure 7.1 shows the steady state absorption spectrum of unquenched and quenched
(kd=11) LHCII gels. Upon incorporation in acrylamide gel, trimeric LHCII shows some
dierences in the amplitudes of the peaks at 471-472 and 437 nm. The quenched gel
preparation shows a reduction in the Chl a Qy region, a broadening above 686 and in the
653-666 nm region between the Chls b and a. In the Soret absorption region, the shoulder
at 485 nm disappears. Similar but less pronounced spectroscopic dierences have been
reported for trimeric LHCII incorporated in lipid nanodiscs [23].
Figure 7.1: Steady state absorption spectra of unquenched trimeric LHCII (light grey line),
unquenched and quenched (kd=11) gel preparations (dark grey and and black lines, respectively).
The spectra were normalized to the Chl b Qy band around 650 nm.
Time resolved measurements
Figure 7.2 shows the result of a global analysis of the time resolved data for the unquenched
gel preparation of LHCII following excitation at 682 nm; four components are necessary to
obtain a satisfactory t of the data. The blue spectrum is created upon Chl a excitation
at 682 nm; it displays the main bleach/SE of the Chl a Qy peaking at 678.7-679.9 nm , an
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excitonic feature at 655 nm and a at Chl ESA in the ∼460-625 nm region. The spectral
evolution consists of a gradual decrease of the Chl Qy bleach/SE and Chl ESA (below
650 nm), as excitation is progressively lost by uorescence decay and annihilation. The
last non-decaying component shows the additional contribution of a
3
Car ESA peaking at
512.7 nm. The lifetimes describing the Chl a decay in this unquenched preparation are
0.37 ps, 15.8 ps and 1.9 ns, respectively.
The EADS obtained from a global analysis of a strongly quenched LHCII preparation
(kd=30) excited at 678 nm, are displayed in g. 7.3. The minimum number of components
needed for the t of the data was four. The rst EADS (blue in g. 7.3) appears at time
zero following the 678 nm excitation and shows a bleach/SE of the lowest energy Chl a
state absorbing around 681 nm. The shoulder at 673 nm indicates that a blue-shifted
pool of Chls a contributes to the bleach /SE. In the ∼460-620 nm region a at Chl ESA
is present, while the signal below 445 nm shows a bleach of the Soret band. Note that the
excitation wavelength is bluer compared to the one used for the unquenched preparation
in g. 7.2.
The second EADS replaces the rst one in 280 fs. This transition features a 21%
decrease in area above 660 nm concomitant with the decay of the shoulder at 673 nm
causing the narrowing of the Chl a Qy bleach. As expected, the decrease in the Chl Soret
bleach below 460 nm is about the same (26%) as the recovery of the Qy bleach. Due
to a change of shape in the Chl ESA, in the 500-625 nm region the signal is practically
unchanged compared to the rst EADS. This suggests that, concomitantly with the Chl a
decay, an additional contribution from another species has risen in the 500-625 nm part of
the spectrum. The system evolves in 7.8 ps into the third EADS (red line), characterized
by an overall large decrease in amplitude. Again, its change in shape in the 470-600 nm
region suggests that a species dierent from the original Chl excited state is created on
this time scale; this feature is already partly present in the green EADS and is reminiscent
of what was earlier shown by us in LHCII aggregates [8]. The signicant (48%) drop in
the Chl Qy bleach region in 7.8 ps suggests that the sample is either extremely quenched
or heavily annihilated. The 7.8 ps lifetime is of the order of the lifetime of a Car excited
state. A small broadening of the bleach at wavelengths above 690 nm also takes place
during the 0.28 and 7.8 ps evolutions. The red EADS decays in 88 ps into the nal EADS
(cyan line) characterized by a small amplitude reecting a mixture of long-living Car
triplet and Chl singlet states. The lifetimes obtained from the global analysis are very
much shorter than those in g. 7.2, as expected upon quenching of the gel preparations.
The inset in g. 7.2 shows the normalized EADS for the unquenched gel preparation.
Normalization compensates for the decay of the Chl a excited state population so that
dierences in spectral shapes can be ascribed to contributions from excited states other
than Chl a. The rst evolution shows a narrowing of the Chl a Qy bleach and some
change in shape below 625 nm due to redistribution of excitation between Chl a pools at
low energies during the initial 370 fs. As compared to the second and third spectra, the
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Figure 7.2: EADS from a global analysis with a sequential model for the unquenched gel (kd=0)
upon 682 nm excitation. The lifetimes from global analysis are shown in the legend inside the
inset. Inset: EADS normalized in the Chl Qy region. The last (innite) component is not shown
for clarity
Figure 7.3: EADS from a global analysis with a sequential model for the strongly quenched
LHCII gel (kd=30) upon 678 nm excitation. The lifetimes from global analysis are shown in
the legend inside the inset. Inset: EADS normalized in the Chl Qy region. The last (innite)
component is not shown for clarity
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rst spectrum also shows a clear dierence in the 450 to 500 nm region. The second and
third spectra show very small dierences over the whole spectral region.
The inset in g. 7.3 shows the normalized EADS for the gel preparation with kd=30.
The change in shape during the spectral evolution in the central part of the spectrum now
is obvious: the evolution from the second to the third EADS shows a clear increase of the
signal in the 490-600 nm region. Likewise, the amplitude below 500 nm and at 630-660
nm indicates a negative contribution to the spectra. This evolution strongly suggests the
population of a (Car) excited state during the quenching process. The second normalized
EADS shows already some of the new features displayed by the rst spectrum, but to a
much smaller extent.
Figure 7.4: EADS from a global analysis with a sequential model for the quenched (solid)
and unquenched (dashed) gels normalized in the Chl Qy region. The last components mainly
containing the
3
Car spectrum have been omitted for clarity.
To compare the global analyses for the two gels, g. 7.4 shows the normalized EADS
for the unquenched (dashed lines) and quenched gels (solid), respectively. Comparing the
280 and 370 fs normalized spectra from the quenched and unquenched gels, the quenched
gel shows larger amplitudes in the 500-650 nm range but smaller in the 455-490 nm
range. Although these dierences are small and could be due, at least in part, to the
normalization, the dierences are similar to the (Car) species appearing in quenched
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LHCII during the subsequent spectral evolutions. This could mean that part of the
`quenching' Car species that is observed at later times is populated immediately after
excitation, which would be consistent with the results on aggregates. The 7.8 and 87.9 ps
normalized EADS of the quenched preparation show clear dierences in shape as compared
to the unquenched gel. The dierences are most pronounced at 510-535 nm and in the
Soret region at about 440 nm.
A second eect appearing in the quenched preparations is the broadening on the red
side of the Chl Qy bleach. This is notable in the third (87.9 ps) EADS of gs. 7.3 and
7.4. This eect, visible in all quenched preparations (vide infra) is due to the formation
of red states in the quenched preparations. The appearance of this band in fact was
quantitatively correlated with quenching by Walla and coworkers [10, 11].
Target analysis
In order to extract the spectrum of the putative quenching species, the target kinetic
model depicted in the kinetic scheme of g. 7.5 was applied to the data for the strongly
quenched LHCII gel (kd=30). The resulting SADS and rate constants are reported in g.
7.6 and table 7.1, respectively. Input to the system is given to the compartment denoted
with the tag Chl1. This state decays to all the other compartments with a total rate
of k1+k2+k7+kT+kQ=(0.13 ps)
−1
. In particular, Chl1 is quenched by the quenching
species Q with associated kinetic constant kQ=(38.5 ps)
−1
. Chl4 is populated with rate
constants k7=(0.45 ps)
−1
and receives a total of 28% excitation. Chl4 represents an
unquenched Chl a population decaying to the ground state and to the
3
Car compartment
in kT=(1000 ps)
−1
. The Chl2 and Chl3 compartments are populated by Chl1 with rate
constant k1=(0.48 ps)
−1
and k2=(0.29 ps)
−1
, respectively. Chl2 and Chl3 are constrained
to have the same spectrum and account for sample heterogeneity and for the multi-
exponential character of singlet-singlet annihilation. Chl2 and Chl3 represent loss channels
(with rate constants k3=(3.4 ps)
−1
and k4=(8.0 ps)
−1
, respectively) due to singlet-singlet
annihilation, populate the quenching state Q and partly decay to the long-living triplet
(
3
Car). The decay channels from all Chl1-4 compartments to
3
Car and Q are described
by two constants (kT=(1000 ps)
−1
and kQ =(8.0 ps)
−1
). The Q compartments decay
to the ground state with k6=(8.0 ps)
−1
. The SADS of Q and
3
Car were constrained to
zero above 620 and 600 nm, respectively. Releasing the spectral constraint on Q yields a
negligible (∼1%) decrease in the rms error, and the Q spectrum shows an articial positive
band due to the overlap with the Chl compartments having much higher concentrations
than Q. The ESA of Chl1 and Chl 4 were equalized to Chl2-3 in the 495-620 and 460-620
nm regions, respectively.
Comparing the kinetic rates with [8], the most striking dierence is the larger value of
kQ=(38.5 ps)
−1
vs kQ=(217 ps)
−1
in [8], which indicates that this gel is more quenched
than the strongly quenched LHCII sample in [8]. Only a small fraction of the Chl2 popula-
tion (27%) undergoing fast annihilation with (3.5 ps)
−1
decays via the quencher. However,
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almost all of the Chl3 population (45%) that experiences negligible annihilation decays
via the quencher. In addition, the remaining Chl4 population (28%) is not quenched, and
partly decays via the triplet. In [8], the fraction non-quenched Chl4 population was much
smaller (1.6%). This suggests that the gel sample is more heterogeneous.
The rates indicate that the slow annihilation described by k4 is almost absent in LHCII
gels as compared to LHCII aggregates. This agrees with the fact that the LHCII trimers
are isolated in the gel preparations. The slow annihilation component in fact originates
from inter-trimerexcitation exchange, which is present almost exclusively in aggregated
LHCII trimers.
The same idea is supported by the fact the fast annihilation rate k3 is larger in LHCII
gels than in LHCII aggregates (k3=(3.5 ps)
−1
vs (25 ps)
−1
in [8]), since multiple excitations
on a single LHCII trimer cannot diuse to neighboring trimers when LHCII complexes
are isolated in gels.
Figure 7.5: Kinetic model applied to the strongly quenched gel (kd=30).
Figure 7.6 shows the SADS obtained from the target analysis of the transient absorp-
tion measurements of the strongly quenched LHCII-gel The rst component, Chl1 has a
Chl Qy bleach peaking at ∼682 nm; its shape suggests contributions from dierent pools
of Chl a (blue and red). Below 460 nm the spectrum shows the bleach of the Soret region.
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Figure 7.6: SADS obtained from the target analysis on the strongly quenched LHCII-gel
(kd=30). The spectrum of Car S1 (dotted black line) was extracted from pump-probe mea-
surements of aggregated LHCII upon 506 nm excitation.
Figure 7.7: Left: Selected kinetic traces for the strongly quenched LHCII-gel (kd=30) at 486.3,
538.3 and 681.0 nm. The 681.0 nm trace was scaled by -11. Right: Selected traces for the
unquenched gel (kd=0) at 490.4, 537.6, 679.1 nm. The trace at 679.1 nm was scaled by -20.
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k1 k2 k3 k4 k5 kQ kT k6 k7
0.48 0.29 3.5 1000 8.0 38.5 1000 0.45 318
Table 7.1: Rate constants expressed in ps
−1
from the target analysis for the strongly quenched
gel (kd=30).
In the 460-630 nm range the spectrum shows the at Chl ESA. The second SADS (Chl2
and Chl3) is characterized by the loss of the shoulder due to 'blue' Chl a states below 682
nm, and a small red-shift of the Qy bleach. These dierences suggest that equilibration
has taken place within the Chl a excited states. The ESA region is almost at even
though it might be mixed with a small contribution from Car excited state in the 500-600
nm range. Below 460 nm the Soret bleach is present.
The Q species corresponds to the quenching species. The obtained SADS presents an
ESA in the 500 to 600 nm region reminiscent of the S1→ Sn transition of Cars. Below 500
nm the ground state bleach at 463-475 and 484-486 nm is similar to a Car bleach. This
spectrum is similar to that obtained for trimeric LHCII upon Car and Chl-Car excitation
[24,25] and for aggregated LHCII upon chlorophyll a excitation [8].
The fourth SADS corresponds to the long-living component. It is mainly composed of
3
Car and shows a small contribution of non-decaying (on the timescale of the experiment)
Chl singlet states. Although noisy, the
3
Car spectrum has a peak at 512 nm as in the last
EADS of the unquenched preparation in g. 7.2.
In reality the Q and
3
Car spectra presented are the result of a mixture of dierent
quantities of
3
Car and quencher spectra. The Q spectrum in fact has a distinct band at
512-514 nm in correspondence with the peak of the
3
Car spectrum. This is obvious when
the Q-SADS is compared to the dotted spectrum in black representing Car S1 states as
observed in aggregated LHCII upon 506 nm excitation. Vice versa, comparing the
3
Car
spectrum with the last EADS in gs. 7.2-7.3 for the unquenched gel, a broader wing
on the red side is present, which probably corresponds to the spectrum of the putative
quencher Q.
Selected kinetic traces
The left panel of g. 7.7 shows selected kinetic traces for deeply quenched LHCII gels at
491.3, 536.4 and 681.0 nm following 687 nm excitation. Those wavelengths were taken as
representative of the Car ground state bleach, Car excited state absorption and Chl Qy
excited state, respectively. The 486.3 and 538.3 nm traces clearly show dierent decays
in the rst 10 ps; in fact while the 486.3 nm traces partly decays on this time scale the
538.3 trace shows hardly any decrease. This behavior is due to the rise of the excited
state absorption from the quenching state. For the unquenched gel, the 679.1 nm trace
shows a fast decay due to annihilation and a slower decay. The traces at 490.4 and 535.2
nm are dominated by noise.
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Figure 7.8 presents the global analysis of the intermediately quenched (kd=9) gel. The
global analysis produced very similar lifetimes values to g. 7.3, though slightly longer.
The spectral evolution in g. 7.8 conrms the results for the strongly quenched gel (kd=30)
(g. 7.3), though the rising Car features are less pronounced.
Figure 7.8: EADS from a global analysis with a sequential model for a mildly quenched gel
(kd=9) upon 682 nm excitation and 9 nJ/pulse. The lifetimes from global analysis are shown in
the legend inside the inset. Inset: EADS normalized in the Chl Qy region. The last (innite)
component is not shown for clarity
DISCUSSION
Over recent years four mechanisms have been proposed to be responsible for energy dissi-
pation in the light harvesting antenna system of PSII. In three of these models quenching
of Chl excitation is mediated by Cars. Within the framework of model 4 (vide supra) on
the other hand, Chl-Chl interactions are solely responsible for energy dissipation and Car
excited/charge transfer states play no role. The results displayed in gs. 7.2-7.3 show
that in quenched LHCII gels in the raw data a clear signal is present in the Car spectral
region (note that a global analysis can be regarded as a condensed way to display the raw
data).
The authors of [13] calculate that population of Car S1 states in 200 ps followed by a
10 ps Car decay would lead to a ∼5% rise in Car S1 relative population. Since this rise is
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not detected in their analysis, the authors conclude that no Car is involved in quenching.
We notice that the population of a Car S1 state overlaps the decaying Chl ESA and
therefore population of Cars does not necessarily imply a rise in the S1 → Sn excited
state absorption region in the presence of a concomitant Chl decay. A superposition of
two species (Chls and Car) can be disentangled with target analysis. This is also visible
in our (g. 7.7) and Müller et al.'s traces, where the Qy traces decay in the rst ten
picoseconds (cf g. S2 in [13]) but the traces between 525-555 nm (cf g. S5 in [13]) do
not. In addition, in [13] the SADS of the long-lived species rising in 200 ps and decaying
in 4 ns shows pronounced ESA between 500 and 600 nm similar to a Car excited state,
similar to [8]. This is also visible in the double dierence absorption spectra in g. S2
showing a decrease in bleaching (cf text in the Supporting Information of [13]), but an
increase in the positive signal below 600 nm with shape similar to the quencher.
In model 2 for energy dissipation in LHCII, the Chl-Car S1 coupling and the appear-
ance of red Chl species was found to positively correlate with the amount of quenching,
suggesting that the NPQ mechanism involves excitonic Car-Chl interactions [10,11]. The
quenching Cars and Chls location are still unknown, although Chl a606 and a612 were
excluded to have any important role in quenching [11]. In the model, the excitonically
coupled Chl-Car state would be populated at time zero. Following normalization of the
kinetic traces at longer time delay (60 ps) for unquenched and quenched samples and
subsequent subtraction, the authors extract an instantaneous Car signal from the time-
resolved data. This signal decays in ∼10 ps and was identied as a Car S1 state. Our
data show a small instantaneous Car signal upon Chl excitation, yet it clearly takes 7.8
ps to rise (g. 7.3 and 7.3 inset, second to third EADS). Interestingly, this timescale
is close to the ∼15 ps Car S1 of Lut excited state lifetime [26,27]. This evolution, i.e.
the population of a Car excited state on a timescale corresponding to its excited state
lifetime, is strongly reminiscent to the behavior of articial light-harvesting dyad systems,
where it was shown that the quenching process proceeds via an inverted kinetic scheme,
i.e. the quenching state is slowly populated and quickly depopulated [17,28]. In our view
it is possible that the `excitonic' mechanism [10,11] and the Car S1 mechanism [8] are two
manifestations of the same phenomenon, in which a Chl excited/exciton state and the Car
S1 state are coupled. Because the system is energetically disordered, for some realizations
of the disorder the two states are quasi-resonant and they will show `excitonic' properties,
while in other realizations they will show Förster-like energy transfer, in this case from
the Chl excited/exciton state to the Car S1 [29].
We have recently shown by making use of Stark uorescence spectroscopy that two
emitting sites are present in the dissipative (aggregated) state of LHCII. In one site the
energetics of Chl pigments, most likely in the terminal emitter locus made up of Chls
a610, a611 and a612 and Lut 1 is altered upon induction of the quenching state. In
the other emitting site a new band possibly involving Chl-Car (excitonic) interactions is
created in the quenched state. In our opinion it is thus reasonable that the induction
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of energy dissipation in LHCII involves small conformational changes and rearrangement
involving both Chls and Cars pigments.
The apparently contradictory results which have led to the proposal of dierent mech-
anisms to (partly) explain energy dissipation in LHCII, may be the results of changes
in pigments energetics and pigment-pigment and/or pigment-protein interaction brought
about by the induction of energy dissipation. These changes may result in multiple pho-
toprotective strategies adopted by the LHCII complex to cope with the deleterious eects
of excess light and more generally unfavorable stress conditions [30]).
CONCLUSIONS
In this study we have shown that a Car S1 state is populated concomitantly with the decay
of the Chl excited state in aggregation-free quenched LHCII. The transient population
of this state reaches its maximum value on a timescale comparable to its excited state
lifetime, a behavior strongly reminiscent of that of articial carotene-phthalocyanine light
harvesting constructs, where we demonstrated that energy dissipation proceeds via an
inverted kinetic scheme [7]. Although we could not clearly identify the Chls a and Cars
involved in the quenching process, our study conrms previous results on aggregated
LHCII, IsiA and articial Car-Phthalocyanine systems [7-9]. Photosynthetic organisms
may thus have evolved a general mechanism to cope with the deleterious eects of excess
light where low-lying Car excited states act as energy sink thus providing photoprotection.
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Summary
Photosynthesis is a biological process by which organisms such as plants, algae, and
certain bacteria use sunlight to produce energy-rich organic compounds and oxygen using
water and carbon dioxyde. Research on photosynthesis is important because it would help
devising articial systems to employ solar energy in a clean and ecient fashion. This
would be a solution to the urgent need of renewable sources of energy in our society. The
rst step of photosynthesis is absorption of light; light-harvesting antennas are protein
complexes dedicated to this task. When light is absorbed by exciting a pigment molecule
in the antennas, its excitation energy can be transferred between pigments. This excitation
energy eventually reaches the reaction center where chemical processes are run. The aim
of the research in this thesis is to quantitatively characterize the energy pathways between
pigments in light-harvesting antennas.
An important light-harvesting antenna of plants is LHCII in the photosystem II of the
chloroplast. Chapter 5 illutrates an exciton model for LHCII based on its crystal structure,
Redeld-Förster theories, and experimental data. Energy transfer in LHCII is described
by a number of electronic excitations which, instead of changing the electronic congura-
tion of individual chlorophylls, are delocalized over a number of interacting chlorophylls
(excitons). This picture is complicated by disorder of the chlorophyll energies and elec-
tronic couplings between chlorophylls, which adds a degree of randomization on transfer
dynamics and energy pathways. The chapter describes in detail how excitations migrate
between clusters of coupled chlorophylls to reach the low-energy chlorophyll clusters in
the three monomers of LHCII.
The other chapters of this thesis report experimental studies. The main experimental
technique employed is transient absorption or pump-probe spectroscopy. To mimic the
eect of sunlight, the samples containing antennas suspended in solution are illuminated
with a one-color laser pulse (the pump beam). The color (i.e. the energy) of the excitation
determines what pigment molecules (e.g. chlorophylls, carotenoids, bilins, etc.) and what
electronic states are excited. A second white-light beam (the probe beam) is used for
detecting whether the excited pigments absorb or emit light at a certain energy. This
yields information on the excited states at a certain time after excitation. Further analysis
of the experimental data allows extraction of the averaged lifetimes governing the decay
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of the excited states or the transfer of excitations to the next pigment molecules.
In addition to LHCII, photosytem II also hosts the three minor antennas CP24, CP26,
and CP29. The structures of CP24 and CP26 are known to share some degree of homology
with the structure of LHCII but are still unresolved at the time of writing. In chapter 2 the
focus is on transfer between chlorophylls, whereas in chapter 3 we show how carotenoids
transfer light excitation to the chlorophylls. The amount of transfer from carotenoids
to chlorophylls b or chlorophylls a is dierent in the two antennas studied. Carotenoid
to chlorophyll transfer is observed from the S2 and the vibrationally hot S1 excited
states. On the other hand it is found that the S1 excited state of carotenoids is not active
in energy transfer. From the experimental results we conclude that the structure and
the functioning of CP26 is substantially similar to that of monomeric LHCII, except for
the functional disruption of the bottleneck chlorophylls a604 and b605. CP24, on the
other hand, diers substantially from the other antennas. In particular, the chlorophylls
absorbing at 670 nm attributed to Chl a602 and/or a603 are found to mediate a large
part of the transfer to the chlorophylls a at low energies.
In chapter 6 LHCII was studied using polarized transient absorption spectroscopy.
This method is eective in resolving chlorophyll bands at the same energies which are
obscured in standard pump-probe spectroscopy. It is found that the initially polarization
is lost in 3.3-3.5 picoseconds. This phenomenon occurs due to the angle between the
chlorophylls transitions at 652-662 nm excited by the pump beam and the nal chlorophyll
acceptors, and also due to equilibration between the three monomers of LHCII.
The subject of chapter 4 is the light-harvesting antenna phycocyanin 645 of the uni-
cellular alga Chroomonas CCMP270. This alga populates relatively deep waters and has
evolved into an ecient light harvester. Experiments with several excitation colors were
needed to unambiguously identify the pathway of energy through the eight bilin molecules
that bind to phycocyanin 645.
Finally, chapter 7 investigates the opposite phenomenon to light harvesting, i.e. how
LHCII dissipates light energy in order to protect the plant from excess sunlight. For the
experiments LHCII antennas were incorporated in an acrylamide gel matrix to prevent
aggregation. Subsequently, the LHCII antennas were switched into a dissipative state.
It is shown that the energy of chlorophylls a are transferred to the low-lying S1 state
of a carotenoid, whereby the energy can be dissipated as heat. The study conrms that
carotenoids are involved in the photoprotection of plants.
Samenvatting
Energieoverdracht in fotosynthetische antennes
Fotosynthese is een biologisch proces waarbij organismen zoals planten, algen en bepaalde
bacteriën zonlicht gebruiken om koolstofdioxide en water om te zetten in zuurstof en en-
ergierijke organische stoen. Fotosynthese onderzoek is een belangrijke tak van de weten-
schap; het kan bijdragen aan het ontwerp van articiële systemen, die zonne-energie op
een schone en eciënte manier kunnen converteren. Een dergelijke duurzame energiepro-
ductie zou een goede oplossing zijn voor de steeds groter wordende vraag naar energie in
onze samenleving.
De eerste stap in de fotosynthese, de lichtabsorptie, vindt plaats in zogenaamde lich-
toogstende antennes. Licht wordt daar geabsorbeerd door middel van het exciteren van
pigmentmoleculen. De opgeslagen excitatie-energie kan worden overgedragen aan andere
pigmentenmoleculen. Via deze energieoverdrachtsroute bereikt de excitatie-energie zo-
doende het reactiecentrum, waar de uiteindelijke chemische processen van de fotosynthese
plaatsvinden. Het doel van het in dit proefschrift beschreven onderzoek is kwantitatief
te bepalen hoe de energie zich tussen de pigmenten in deze lichtoogstende antennes ver-
plaatst.
Een belangrijke lichtoogstende antenne in planten is LHCII, dat zich bevindt in foto-
systeem II van de chloroplast. Hoofdstuk 5 van dit proefschrift beschrijft een fysisch model
voor excitonoverdracht in LHCII, dat gebaseerd is op haar kristalstructuur, Redeld-
Förster theorieën en experimentele gegevens. Energieoverdacht in LHCII kan aangeduid
worden in superposities van aangeslagen toestanden, de zogenaamde excitonen. Excito-
nen zijn geen elektronisch aangeslagen toestanden van individuele chlorofylen, maar zijn
verspreid over een aantal met elkaar in interactie gaande chlorofylen. De theoretische om-
schrijving van excitonoverdracht wordt gecompliceerd door de wanorde van de energiën
van, en de elektronische koppelingen tussen de chlorofylen, wat ervoor zorgt dat de graag
van willekeurigheid in de energieoverdrachtsdynamiek en in de route die de energie aegt
hoger is. Dit hoofdstuk beschrijft in detail hoe excitaties tussen clusters van gekoppelde
chlorofylen migreren om de lage-energie chlorofylclusters in de drie LHCII monomeren te
bereiken.
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De overige hoofdstukken van dit proefschrift omvatten experimentele studies. De
meest gebruikte experimentele techniek in deze hoofdstukken is transiënt absorptiespec-
troscopie, ofwel pump-probe spectroscopie. Om het eect van zonlicht na te bootsen
worden samples, waarin antennes opgelost zijn, belicht met een enkelkleurige laserpuls
(de pompstraal). De kleur, oftewel de energie van de excitatie, bepaalt welke pigment-
moleculen (chlorofylen, carotenen, bilinen, etc.) en welke elektronische toestanden van
deze moleculen aangeslagen worden. Een tweede laserpuls, welke wit licht uitstraalt (de
probestraal), wordt gebruikt om te bepalen of de aangeslagen pigmenten licht van een
bepaalde kleur absorberen of uitstralen. Dit geeft informatie over de aangeslagen toes-
tanden op een gegeven tijd na de exctitatie. Verdere analyse van de experimentele data
levert de gemiddelde tijdsduur op waarin aangeslagen toestanden vervallen of overgedra-
gen worden aan de volgende pigmentmoleculen.
Naast LHCII bevat fotosysteem II drie andere antennes, de zogenaamde minor an-
tennes CP24, CP26 en CP29. De exacte kristalstructuren van CP24 en CP26 zijn nog niet
vastgesteld, maar het is bekend dat de structuren van deze antennes deels overeenkomen
met die van LHCII. In hoofdstuk 2 ligt de focus op energieoverdracht aan chlorofylen in
de minor antennes, terwijl we in hoofdstuk 3 laten zien hoe carotenen in deze antennes
energie overbrengen op chlorofylen. De hoeveelheid energie die overgedragen wordt van
carotenen naar a en b chlorofylen verschilt tussen de twee bestudeerde antennes. Over-
dracht van carotenen naar chlorofylen vindt plaats vanuit de S2 en de vibrationele hete
S1 aangeslaten toestanden. Uit deze experimenten kan geconcludeerd worden dat de
structuur van CP26 en de energieoverdrachtroute vergelijkbaar zijn met die van LHCII,
met uitzondering van de verstoring van de functie van de "bottleneck" chlorofylen a604
en b605. CP24, daarentegen, verschilt substantieel van de overige antennes. De chloro-
fylen die absorberen bij 670 nm mediëren een groot deel van de energieoverdracht aan a
chlorofylen bij lage energieniveaus. Deze chlorofylen werden geïdenticeerd als zijnde Chl
a602 en Chl a603.
In hoofdstuk 6 is LHCII onderzocht met behulp van gepolariseerde transiënt absorp-
tiespectroscopie. Deze methode is eectief in het uit elkaar halen van overlappende chlo-
rofylbanden, wat niet mogelijk is in standaard pump-probe spectroscopie. De resultaten
laten zien dat de initiële polarisatie verloren gaat in 3.3-3.5 picoseconden. Dit verlies
van polarisatie komt door de specieke hoek tussen de chlorofyltransities bij 652-655 nm,
aangeslagen door de pompstraal, en de uiteindelijke chlorofylacceptanten. Ook het feit
dat de excitaties gemiddeld gelijkmatig op alle drie de monomeren van LHCII aankomen
draagt bij aan dit verlies van polarisatie.
Het onderwerp van hoofdstuk 4 is de lichtoogstende antenna fycocyanine 645 van
de eencellige alg Chroomonas CCMP270. Deze alg leeft in relatief diepe wateren en is
geëvolueerd in een eciënte lichtoogster. Experimenten met verscheidene excitatiekleuren
zijn gebruikt om de route van energieoverdracht over de acht bilinemoleculen die fycocya-
nine 645 binden te identiceren.
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Tot slot is in hoofdstuk 7 het tegenovergestelde verschijnsel van lichtoogsting beschreven,
namelijk de wijze waarop LHCII lichtenergie uitdooft, zodat de plant beschermd wordt
tegen een overvloed aan zonlicht. Om dit te bestuderen werd een preparaat van LHCII an-
tennes geïncorporeerd in een acrylamidegel matrix, om aggregaatvorming te voorkomen.
Vervolgens werden de LHCII antennes in een uitdovingstoestand gebracht. Uit de resul-
taten kan worden opgemaakt dat energie van a chlorofylen wordt overgedragen aan de
laagliggende S1 staat van een caroteenmolecuul, waarbij de energie af kan worden gevo-
erd in de vorm van hitte. Dit onderzoek bevestigt dat carotenen een rol spelen in de
fotoprotectie van planten.
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